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Abstract
Plasmonic nanomaterials have attracted a lot of attention recently due to their application in various fields
such as chemical and biological sensing, catalysis, energy harvesting and optical devices. However, there is a
need to address several outstanding issues with these materials, including cost-effective synthesis, tunability
in plasmonic characteristics, and long term stability. In this thesis, we have focused on bimetallic nanoparticles (NPs) of Ag and Co due to their immiscibility as well as their individual properties. First, a pulsed laser
induced dewetting route was used to synthesize Ag-Co bimetallic plasmonic NPs. An synthesis parameter
space was derived to show the range of achievable particle diameter and composition. Subsequently, the
localized surface plasmon resonance (LSPR) characteristics were studied by broadband spectroscopy which
showed that LSPR in Ag-Co NPs can be readily tuned over a wavelength range one order magnitude greater
than that for pure Ag NPs. In another important result, significantly better optical stability with 10 times
higher life-time in Ag-Co bimetallic NPs was observed as compared to pure Ag NPs under ambient conditions due to cathodic protection of Ag by galvanic coupling of Ag and Co within the NPs. During this
study, various new methods, that can be broadly applied to other material systems, were developed to aid in
sample preparation and analysis. One was a novel and simple technique to make NPs on electron transparent
substrates (i.e. Carbon) for improved the quality of TEM and EELS analysis. A method to quantitatively
analyze low-loss EELS spectra was also developed in which necessary number of Lorentzians were fitted
in spectrum to obtain detailed information of surface plasmons. By EELS analysis of bimetallic Ag-Co
NPs, the first known discovery of a ferroplasmon, i.e. strong visible and ultraviolet wavelength plasmons
in ferromagnetic materials, was made. It was observed that Co, when in contact with Ag in a NP, shows
strong surface plasmons, which was highly unusual based on the known highly damped plasmonic nature
of pure Co. These investigations helped advancing the science of bimetallic plasmonic nanomaterials and
unequivocally demonstrate Ag-Co NP system as a promising material for plasmonics based applications.
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Chapter 1

Novel bimetallic plasmonic nanomaterials
1.1

Motivation

Nanomaterials exhibiting extraordinary optical properties have attracted a lot of attention recently for various
applications such as chemical and biological sensing, catalysis, energy harvesting and optical devices. One
such extraordinary behavior is the resonant interaction of electromagnetic waves with nanostructures via
the surface plasmon resonance (SPR). SPR pertains to the resonant event in which collective oscillations
of conducting electrons result in extremely large scattering of photons at well defined optical frequencies
(which are also called plasmonic frequencies). Although SPR takes place in all metal nanomaterials, the
noble metals gold (Au), silver (Ag) and copper (Cu) are the well-known and most used plasmonic materials
as these have plasmonic frequencies in the visible spectrum (390-750 nm). In nanoparticles (NPs), due to
its locally confined nature of oscillations around the NPs, this optical response is termed localized surface
plasmon resonances (LSPRs).
The plasmon resonances have been singularly responsible for enabling the highly sensitive biomolecular
detection techniques of SPR or LSPR sensing, in which a dielectric change in the vicinity of the plasmon,
for instance due to the attachment of biomolecules, results in a measurable shift in the wavelength [1]. More
importantly, local field enhancement near a metal NP at the plasmon resonance has been directly attributed
to the reason why enhancements in Raman scattering signals on the order of ∼ 1010 can be achieved [2], and
is central to the success of the chemical identification technique called Surface Enhanced Raman Scattering
(SERS) [3, 4, 5].
From a materials perspective, Au and Ag have strong plasmonic properties in the visible optical spectrum
because of their long electron relaxation times [6]. Based on literature survey, Au is the most studied
plasmonic material and dominates in applications based on plasmonics. On the other hand, it is known that
Ag has the highest optical plasmonic cross-section, more than 4 times of Au [6], a characteristic important
for SPR/LSPR applications. In addition, it has more than 2 orders of magnitude higher SERS enhancement
than Au [7]. Finally, the lower cost of Ag and the fact that it is over 70 times more abundant than Au, makes
it the best choice for visible light plasmonic-related applications.
However, one significant disadvantage that Ag has over Au is its tendency to degrade in oxidizing environments. The corrosion of the bulk Ag surface in ambient air conditions has been studied in some detail.
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One picture is that Ag can react with several different species in the ambient environment, with the resulting corrosion products being oxides, sulfides, chlorides, etc [8]. More recently, with the growing emphasis
on plasmonic applications, Ag nanostructures exposed to oxidizing environment have shown evidence that
corrosion substantially changes the optical plasmonic signal, such as a decrease in the plasmonic absorption
intensity and a shift in the LSPR wavelength (λLSPR ) [9, 10]. Studies of the exposure of Ag NPs to ozone
also showed a significant decay of SERS signal intensity, and this was correlated to the formation of Ag2 O
which led to a decrease of the plasmon peak intensity [11]. Therefore, the current understanding of Ag
degradation with respect to the optical plasmonic behavior is that the corrosion product related dielectric,
such as Ag2 O, produces a shift in λLSPR and decay in the LSPR signal intensity. Moreover, as a function of
increasing time under storage or operation conditions, the average size, shape, and distribution of Ag could
also change, again producing uncertainty/shifts in λLSPR [12, 13].
Clearly, these described effects are detrimental as they preclude a stable and/or reliable platform for
sensing applications and so, the role of Ag as a plasmonic metal with practical applications to biological
and chemical sensing is presently uncertain [14, 15, 7]. Thus far, no clear resolution to achieving stable Ag
nanostructures has been found.
Recently, bimetallic nanomaterials have been seen as one of the solutions for altering or improving
various functionalities within small dimensions [16, 17, 18, 19]. These materials are made by combining
two metals of different functional properties and thus are expected to exhibit functionalities of both of the
individual metals. As an additional advantage, bimetallic nanomaterials could provide unique chemical
and/or environmental behavior due to the proximity of different materials [20, 21]. One materials-based
approach that has been investigated is to introduce chemical stability by combining Ag with Au, which is
very inert, either by making Ag-Au core-shell structures or by making alloys. The ensuing electronic effects
at the Au-Ag interface and/or the formation of the alloy has been suggested in improving the stability of
the Ag-Au system [22, 23, 24, 25]. However, one of the primary drawbacks of this route is the difficulty in
practically synthesizing the right stable Ag-Au structures. This is partly due to the high reduction potential
of Au, which causes Ag to be oxidized [26], and/or due to the complete miscibility of the two metals, which
drives alloy formation.
Here, we address several outstanding issues in this work. We have discussed briefly that Ag is not the
first choice for plasmonics based applications despite having better optical characteristics than other noble
metals (Au and Cu). This outstanding challenge in the plasmonics field has been addressed by our discovery
that oxidation resistant Ag NPs can be created utilizing the concept of bimetallic systems. Another challenge
is to synthesize such materials in a simple and cost-effective manner. Existing synthesis procedures to create
bimetallic NPs are primarily the chemical synthesis routes that, while reasonably successful, are limited by
their use of toxic and non-toxic chemicals and associated waste [20, 27, 28, 29]. Synthesis routes based on
vapor phase or physical vapor deposition techniques have, as yet, not shown the range of composition, size,
and array formation control that will make them useful as synthesis routes for surface arrays [30, 31, 32].
On the other hand, synthesis routes based on dewetting of thin films, such as e-beam induced dewetting [33],
thermal annealing [34] and microwave plasma assisted dewetting [35], have discussed NP array formation
primarily focused towards plasmon based applications. However, the ability to create bimetallic NPs with a
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Figure 1.1: Ag-Co equilibrium phase diagram.
controlled size and composition has not been reported in any of these processes.
Recently, a cost-effective synthesis of multimetallic nanomaterials has been demonstrated using the
technique of nanosecond pulsed laser dewetting of ultrathin bilayer films [36]. Also, theoretical modeling
studies have shown that such nanomaterials may inherit a rich variety of compositional structures within the
NPs if the starting metals are immiscible [37]. Here, we have utilized this laser technique to a model system
comprised of Ag and Co films on SiO2 surfaces, chosen for several reasons. First, Ag and Co have negligible miscibility in the liquid and solid states (Fig.1.1) and, therefore, the resulting NPs are expected to be
spatially segregated. Second, the two metals have strong plasmonic (Ag) and ferromagnetic (Co) properties,
making them useful candidates for multi-functional applications. Third, the contrasting oxidation tendencies of Ag and Co based on standard electrochemical potential favor the formation of CoO over Ag2 O [38].
Therefore, proximity of Co and Ag within bimetallic nanostructures could reduce the degradation of Ag,
thus permitting more environmentally stable Ag plasmon behavior. Fourth, the near-field surface plasmon
excitations activated by electron beams within bimetallic NPs is not well understood and is addressed in
detail in the present study by using electron energy-loss spectroscopic (EELS) analysis in a scanning transmission electron microscope (STEM). This study has led the first known discovery of ferroplasmons, which
are visible light localized surface plasmons in ferromagnetic materials. In addition to this, there are various
other advantages of studying Ag-Co bimetallic NP system as discussed in [39, 40]. Since Ag is mixed with
Co, which is a well-known ferromagnetic material, properties such as magneto-optics and ferromagnetism
are expected to show interesting behavior.
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In the upcoming sections, we will briefly discuss the basic concept of surface plasmon resonance, the
importance of bimetallic NP for various applications, the bilayer self-organization induced by pulsed laser
dewetting, and analytical electron energy-loss spectroscopy technique.

1.2

Localized Surface plasmon resonance

LSPR is a nanoscale phenomenon which has received considerable interest over the last decade. Its origin
is attributed to the collective oscillation of the conduction electrons at characteristic frequencies due to its
interaction with electromagnetic waves. These surface plasmon resonance, generally associated with noble
metal nanostructures, generate strong electromagnetic near-field enhancements on the surface of NPs and
have several useful spectral characteristics including a well-defined plasmon resonance frequency/energy,
a narrow resonance bandwidth (i.e. the width of the LSPR absorbance peak at half its intensity), and a
non-negligible decay length (i.e. the distance from the surface over which its intensity drops to 1/e of its
peak value). The interest in LSPRs stem from how one or more of these characteristics interact with EM
energy. For instance, tunability in LSPR wavelength λLSPR means that light with specific wavelengths can
be resonantly coupled, enabling efficient optical spectral filters as well as enhanced light trapping for solar
cells, improving their efficiency [41]. LSPRs with narrow bandwidths and large sensitivity to small changes
in the dielectric function of the surrounding medium are central to ultrasensitive chemical detection [1, 42].
Several orders of magnitude enhancements in the electric near-fields of nanostructures due to LSPR is central to SERS technique [3]. Excellent coupling of LSPR with EM waves in sub-wavelength nanostructures
has resulted in a wide range of imaging applications that essentially overcome the diffraction limit of light.
Narrow bandwidth (i.e. low loss) enables propagation of plasmon modes over large distances (several microns), which have useful applications in optical computing and in high frequency switching for optical
communication. In this section, we will discuss the definition, history, basic physics, controlling parameters
and applications of LSPR.

1.2.1

Definition

A plasmon is a collective oscillation of the valence electrons in a solid. It can be described as a quantum
of plasma oscillation, which is why a suffix “-on” is added. One can think of these plasmon oscillations
as mechanical oscillations of the electron gas of a metal, the presence of an external electric field causing
displacements of the electron gas with respect to the fixed ionic cores.
For the bulk plasmons, these oscillations occur at the plasma frequency and have energy:
s
EP = h̄

ne2
mε0

(1.1)

where ε0 is the permittivity of free space, n is the electron density, e is the electron charge, and m∗ is the
effective electron mass. Here, bulk refers to material dimensions much larger to the wavelength of light.
At the surface of a metal film, plasmon excitations occur which are called surface plasmon polaritons
(SPPs) or, in short surface plasmon (SP). SPs are optically excited and light can be coupled into standing
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(a)

(b)

Figure 1.2: Schematic diagrams illustrating (a) a surface plasmon polariton (or propagating plasmon) and
(b) a localized surface plasmon. The figures are taken from Ref. [42].
or propagating surface plasmon modes through a grating or a defect in the metal surface along the metaldielectric interface. With reference to Fig. 1.2, the SP is confined to the planar interface (along x- and ydirections) can propagate of the order of ten to hundreds of microns, with its intensity decaying evanescently
in the z-direction with exponential decay behavior in which the decay rate 1/e is typically of the order of
~200 nm. As SP are the surface electromagnetic waves that propagate in the direction parallel to the metal
surface [shown in Fig. 1.2(a)], light with a high angle of incidence (that is, with wave vector k nearly parallel
to the surface) is necessary to excite the SP.
When light interacts with a particle much smaller than the incident wavelength (i.e. a NP), this leads
to the collective oscillation of free electrons locally around the surface of NP with a frequency [shown in
Fig. 1.2(b)] termed as LSPR. The LSPR has two important effects. First, electric fields in the vicinity of the
particle’s surface is greatly enhanced, with the enhancement being greatest at the surface and rapidly falling
5

Figure 1.3: Lycurgus cup, currently in the British museum. Left image shows the cup in reflected light and
right image in transmitted light. [43]
off with distance. Second, the particle’s optical extinction has a maximum at the plasmon frequency, which
occurs in the visible wavelengths for the noble metal NPs (i.e. Au, Ag and Cu).

1.2.2

A brief history of surface plasmon phenomenon

From an application point of view, use of surface plasmon phenomenon is not new. One classic example
of this effect is in the “Lycurgus Cup” from Roman era (around 290-325 AD, and currently housed in the
British museum [43]) which was made by mixing silver and gold nano-sized dust with glass. Due to the
LSPR effect, the cup appears red in transmitted light and green in reflected one as shown in Fig. 1.3. These
effects were also illustrated by the historic stained glass which adorn medieval cathedrals. In this case, the
color is given by metal NPs which interact with the optical field to give the glass its vibrant color.
In 1857, Michael Faraday carried out breakthrough experiments on metal colloids and studied gold
particles prepared by different methods which gave different colors depending on size. It was the first time
optical properties of gold NPs were studied scientifically. In 1908, the most important study in this field was
done by Gustav Mie who proposed Mie theory of the optical properties for small scale spherical particles,
which is still widely used today.
Interest in this field was triggered following the invention of the transmission electron microscope (TEM)
in 1931, with which study of very small scale features, including nanoscale particles, became possible. Over
the years, there have been various developments in understanding of the behavior of plasmonic Au and Ag
NPs for their unusual optical properties. Near-field optical spectroscopy such as near-field scanning optical
microscopy (NSOM) was developed and the first paper was published in 1984, showing results for optical
behavior of NPs with high spatial resolution (< 50 nm). As another development, EELS in STEM enabled
the study of surface plasmons in NPs excited by electrons rather than visible light. Though the concept of
plasmon excitation by electrons has existed since the 1940s, significant results started appearing only in the
early 1990s due to advances in microscope instrumentation and vacuum technology.
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Figure 1.4: The real part of dielectric function of Ag and Co as a function of energy.

1.2.3

Mie theory

In 1908, Gustav Mie developed an analytical solution to Maxwell’s equations that describes the scattering
and absorption of light by spherical particles [44]. Mie proposed a simplified formula of extinction crosssection σext for NPs that are much smaller than the incident wavelength of light as follows:
3/2

σext =

24π 2 εm d 3
ε”(ω)
λ
[ε 0 (ω) + 2εm ]2 + ε”(ω)2

(1.2)

where, ε 0 and ε 00 are respectively, the frequency dependent real and imaginary parts of the complex dielectric
function for the material, εm is the dielectric of surrounding medium, λ is the wavelength of the light and a
is the size of the NP.
The LSPR condition is satisfied when the extinction cross-section σext is maximized. This condition is
met when ε 0 = −2εm .

1.2.4

Factors affecting LSPR in nanoparticles

There are several factors that effect the characteristics of LSPR in NPs. Below we discuss some of these
factors.
1. Dielectric function of the metal:
Optical properties depend on the complex dielectric function of the material. It is the dielectric function of a metal which determines the plasmonic wavelength/energy. Though the surface plasmon
resonance can occur in all metals, most metals exhibit it in the ultra-violet (UV) range. Fig. 1.4 shows
the behavior of real part of bulk dielectric function of Ag and Co as a function of energy. The energy
at which ε 0 intersects −2εm (it is -2 for air) is the plasmon energy. As evident from the figure, Ag
shows the plasmon energy in visible range while Co in UV. There are few metals such as the noble
metals Au, Ag and Cu and the alkali metals sodium and potassium which exhibit plasmon peaks in
visible range.
Since alkali metals in their pure form, are very reactive to air and water, noble metals (Au, Ag and Cu)
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are the most popular metals for plasmonic applications. Au and Ag have strong plasmonic properties
in visible optical spectrum because of their long electron relaxation life time and high optical crosssections.
2. Dielectric function of external medium:
As evidenced from the Mie condition ε 0 = −2εm , the position of the plasmon depends on the dielectric
of metal as well as that of the external medium. As the dielectric of the external medium increases,
the plasmon position typically redshifts as shown in Fig. 1.4. The figure shows that the ε 0 of Ag and
Co intersects the horizontal line drawn for air (εm = 1) at a higher energy then for glass (εm = 2.45),
and so the LSPR wavelength decreases in energy, i.e. redshifts, with increasing host dielectric.
3. Size:
While Eq. 1.2 is generally true for NPs over a wide size range, there are various factors that contribute
to a size-dependent behavior of the plasmon resonance, which leads to a shift in the LSPR wavelength.
For NPs, there is a size-dependent relaxation time term which needs to be incorporated to modify
dielectric function of the metal. The size dependent modification is as follows [45, 46]:

ε(ω, d) =

εBulk (ω) + ω p2



1
1
− 2
2
2
ω + Γ∞ ω + Γ(d)2
Γ(R) = Γ∞ +



ω p2
+i
ω



Γ∞
Γ(d)
− 2
2
2
ω + Γ(d)
ω + Γ2∞

AvF
d


(1.3)

(1.4)

where, ε(ω, d) and εBulk (ω) are respectively, the modified and bulk dielectric function of a metal
where ε(ω, d) shows particle size and frequency dependence while εBulk (ω) is just frequency dependent. Here, ω is the frequency and ω p is the plasmon frequency. Γ(R) and Γ∞ are respectively the
size-corrected and bulk electron relaxation time in the metal. Finally vF is the Fermi velocity and A is
a multiplying factor which is 2 for the case of spherical particles [45]. The size dependent correction
in bulk dielectric function leads to change in LSPR wavelength based on the condition for plasmon
oscillation in Eq.1.2. In addition to that, extinction cross-section (in Eq. 1.2) is very sensitive to
particle diameter and proportional to d 3 .

1.3

Bimetallic nanoparticles

For almost a decade, bimetallic nanomaterials have attracted lot of attention in the areas of catalysis, chemistry and biology. It has been seen that adding a second metallic component enhances the activity, selectivity,
and stability of pure meta catalysts [47, 48]. The properties of bimetallic nanoparticle can vary dramatically
not only with size, as happens in monometallic nanostructures, but also with chemical composition as well
as structure or architecture. Controlling their structure and chemical ordering can be the starting point to
prepare the building blocks for specifically tailored bimetallic materials [49].
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Figure 1.5: Cross-sectional schematic representation of possible bimetallic NP arrangements: (a) core
shell, (b) sub-cluster segregated or phase separated, (c) ordered and randomly mixed and (d) three-shell
onion-like [59].
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There are various techniques researchers have used to synthesize bimetallic NPs so far. The most popular
synthesis method is the chemical route in which bimetallic NPs are produced by chemical reduction of metal
salts dissolved in an appropriate solvent in the presence of surfactant (e.g. citrate, alkylthiols etc.) or polymeric ligands to passivate NP surface [18, 50]. It has been shown that bimetallic NPs can be produced by
pulsed laser assisted self-organization of bimetals [36]. They can also be synthesized by thermal decomposition of metal complexes, especially transition-metal complexes. Ion implantation [51] and electrochemical
synthesis [52] routes are the other methods which are widely used to prepare bimetallic nanoparticles .
There exist many bimetallic NP architectures. The core/shell structure is a widely explored design of
bimetallic NPs [53, 54], where a thin shell of metal B surrounds a core of metal A. The B metal overlayer is
usually strained and, thus, can present useful properties, such as for catalysis [47, 55]. In other architectures,
researchers have studied Pd-Pt bimetallic nanodendrites which show high activity for oxygen reduction [56],
multifunctional nanorods of Au-Ni for gene delivery [52], dumbbell-like Ag-Fe2 O3 nanostructure [18] to
accelerate detection rates of superparamagnetically-tagged molecules, Pt-Rh cluster-in-cluster structure [57]
and nanocrytalline alloy of Au-Pt [29, 58]. The interaction between the two metals plays an important
role in the properties and structure of bimetallic NPs, and these interactions could be different in nanoscale than bulk-scale. For instance, interaction of Au and Pt in nanoscale is completely different than the
bulk. In nanoscale, they remain phase separated and can be synthesized as core-shell structure, while in
bulk, they make an alloy. The structure and the elemental arrangement of bimetallic NPs is also quite
sensitive to the synthesis process by which these are produced, as the system of the two metals is not
generally in thermodynamic equilibrium. Based on the synthesis conditions, which change the mixing or
segregation tendencies of two metals, bimetallic NPs with various structure types can be synthesized, as, as
shown in Fig.1.5. Examples of various types of structures taken from Ref. [59] and [60] are shown in Fig.
1.5, including (a) core-shell, (b) subcluster segregated (c) ordered and randomly mixed, and (d) three-shell
(onion-like) structures.
As discussed, the bimetallic NPs exhibit improved functionalities which give additional advantages
over monometallic NP systems for use in various applications that include plasmonics, biological sensing,
and catalysis, and places them on the frontier of advanced materials science. Recently non-alloying AgCo bimetallic system [61] has attracted interest due to its ability to show both plasmonic and magnetic
characteristics [50]. In the present work, a cost-effective route based on laser induced dewetting bilayer
self-organization was used to synthesize arrays of Ag-Co bimetallic NPs with wide range of surface plasmon
tunability as a result of systematic control over size and composition. In the next section (Sec. 1.4), we
provide the theoretical background pertaining to synthesis of NPs by pulsed laser dewetting of single and
bilayer thin films systems.

1.4

Synthesis of nanoparticle arrays by self-organization

Self-organization is a synthesis route which results in spontaneous formation of patterns of well-defined
structures with characteristic length scales. Various material systems show self-organizing characteristics:
atoms rearrange in a predictable manner to form specific crystals, epitaxially strained thin films break into
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(a)

(b)

(c)

Figure 1.6: (a) Holes, (b) polygons (c) final stage nanostructures of Co as a result of spinodal dewetting.
quantum dots [62], biological systems develop characteristic patterns and length scales [63, 64]. The process
involved in these systems possess some very attractive aspects such as synthesis, repeatability and costeffectiveness. Another important characteristic of self-organization process is that it covers a wide range
of length (and time) scales; from nanometer regime in the case of thin film dewetting [65] to hundreds of
kilometers in geological structures [66]. Therefore, the study of self-organizing systems is of tremendous
practical importance and will likely play an important role in the realization of various nano- and microtechnologies. Here, the self-organized patterns of NPs formed by nanosecond (ns) pulsed laser melting and
subsequent dewetting of the ultrathin films are investigated. The results shown later in Chapter 4 and 5 will
elaborate that this approach is a promising route to realize robust nanoscale plasmonic structures.

1.4.1

Background

Self-organization (SO) is the process by which intrinsic forces of a system lead to a spontaneous selection
of length scales and patterns. Some of very common examples of SO system include weather patterns, solar
systems and skin pigmentation patterns in animals, amongst others. SO is also a well-known process to
synthesize nanoscale materials. Some of the widely investigated nanoscale self-organizing systems include
thin films of liquid polymers [67, 68, 69, 70, 71] and metallic systems [36, 65, 72, 73, 74, 75, 76, 77],
biomolecular self-assembly in protein folding or within cells [78], and the formation of micelles by surfactant molecules in a solution [79]. To synthesize SO nanoscale materials with characteristic size and spacing,
spinodal dewetting of thin films has been explored in great detail.
Spinodal dewetting is a robust and simple approach which is based on the principle that a thin liquid film
on a non-wetting solid surface is thermodynamically unstable and thus, spontaneously breaks-up into a lower
energy state, such as of liquid droplets [68, 69, 70, 71, 72, 73, 74, 80, 81, 82, 83]. One can see dewetting
in everyday life in biological systems such as self-cleaning plant leaves, formation of water droplets from
the water film on a car windshield and oil droplets forming from a oil film on a water surface. A typical
case of metal thin film spinodal dewetting is shown in Fig. 1.6 where metal film broke-up and make stable
hemispherical shaped nanoparticles via going through the intermediate structures. A thorough understanding
of this dynamic dewetting phenomena in the nanoscale is a essential to utilize this process for applications
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in nanotechnology.
The fundamental reason for the formation of droplets by dewetting process is that the droplet-surface
system has a lower energy than the continuous film-substrate system. A typical thin film-substrate dewetting
system will have a thickness dependent free energy per unit area G(h) given by:
G(h) = GSur f + GVol + GExt

(1.5)

Figure 1.7: Plot of free energy per unit area as a function of film thickness h.

Here, GSur f is defined as the total surface free energy at various interfaces such as the liquid-solid, liquidliquid and solid-solid. The volume free energy term (GVol ) varies depending on the system of interest. For
instance, in the case of polymer films and metal films on inert substrates such as SiO2 , the volume free
energy term arises from intermolecular dispersion forces, while the strain energy due to lattice mismatch
mainly contributes in volume free energy in epitaxial film-substrate system. A typical external free energy
(GExt ) is the gravitational energy GExt = 1/2ρgh2 , where ρ is the density of the film, g is the local acceleration due to gravity and h is the height of the film. For films in the thickness regime of 1 ≤ h ≤ 100
nm, gravitational energy is negligible. The free energy behavior is shown in Fig. 1.7 as a function of film
thickness. As apparent in the figure, the curvature of the free energy is negative, i.e. d 2 G/dh2 < 0 over
a finite thickness range. Thus, the thin films in this range are in an unstable state and tend to break into
droplet structures, whose shape (contact angle) is determined the various surface energies involved. There
is a strong resemblance between the shape of the free energy as a function of film thickness (for 1 ≤ h ≤ 100
nm) to the composition dependent free energy of binary systems showing spinodal phase segregation [84] as
shown in Fig. 1.7. Hence, dewetting SO in such thin film systems is often described as spinodal dewetting
[85, 86].
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1.4.2

Single-layer dewetting

Here, we discuss the dewetting behavior for a single layer thin film on an inert substrate under melting by
nanosecond laser pulses. Based on previous studies of dewetting of thin polymer films [67, 68, 69, 70, 71]
and metallic materials [65, 72, 73, 74, 75, 76, 77], dewetting appears to be a simple and cost-effective
route for making patterns with well-defined size and inter-particle spacing. The quantitative aspects of
the spinodal dewetting process can be understood by a thermodynamic model explaining the dewetting
instability in ultrathin films which considers the rate of energy transfer and/or energy conversion in various
physical processes occurring during liquid flow [39, 87, 88]. For the case of an ultrathin metal film the
dispersion in the rate (σ ) of surface deformation with various wavevectors (k) can be obtained by equating
the rate of energy change in the free energy of the film to the viscous dissipation in the liquid transport.

Figure 1.8: Schematic illustrating laser heating of ultrathin liquid films. A liquid metal film of initial height
ho undergoes surface height fluctuations due to capillary waves.
For an ultrathin metal film on an inert substrate such as glass (SiO2 ), the total free energy of the system
is made up of two terms: the surface/interface energies γ f v and γ f s of the film-vacuum and film-substrate
interfaces respectively; and the disjoining pressure Π(ho ), where ho is the initial height of the film. The
disjoining pressure Π(ho ) typically consists various of terms: (i) an attractive dispersive interaction (=
A/12πh2o ) between the metal film-substrate and film-vacuum interface, where A is the Hamaker coefficient
with a negative sign, and (ii) a short range repulsive term B/hno between the film and substrate atoms, where
n is typically ≥ 4. For ultrathin films (2 < h < 20 nm), this repulsive term is neglected. and a perturbation in
height (or thickness) of the film leads to a change in free energy of the system. The equation for perturbed
film is given below in Eq. 1.6:
h(x,t) = ho + aeσt e−ikx

(1.6)

where the perturbation has an amplitude of a, a characteristic temporal decay rate σ and a corresponding
wave vector k. The schematic of thin film indicating a height perturbation is shown in Fig. 1.8.
In this 1-dimensional film system, the temporal rate of change of free energy due to height perturbation
can be expressed as [89]:
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˙ = ∂ [F(h) − F(ho )] = ∂ [ 1 γ | ∂ h |2 + 1 Π00 ∆h2 ]
∆F
∂t
∂t 2 ∂ x
2

(1.7)

In this expression, the first term is from the change in surface energy due to perturbation in original flat
film and is a positive quantity. On the other hand, the second term is due to the attractive dispersion energy
00

term ( Π(ho )00 ∝ 1/h4o ) and contributes a large negative quantity. Now, using Eq. 1.6 and Π = A/2πh4o in
Eq.1.7 , one gets:
˙ = σ (γk2 + A )ε 2 e2(σt−ikx)
∆F
2πh4o

(1.8)

Here, since A < 0 (for attractive dispersive forces) the free energy can have negative curvature d 2 G/dh2 <
0, and this results in the possibility of spontaneous dewetting and pattern formation. The rate of free energy
˙ is balanced by the rate of energy lost E˙V due to viscous dissipation under isothermal conditions.
decrease ∆F
These quantities allow evaluating the rate of viscous energy loss per unit length E˙V occurring over the entire
thickness of the liquid film due to the flow in the x-direction as [90]:

E˙V = η

ˆho
dvz 2
3η
(
) dz = 3 2 σ 2 ε 2 e2(σt−ikx)
dz
ho k

(1.9)

0

After equating Eq. 1.8 and 1.9, one obtains the classical values for the characteristic dewetting wavelength λC and dewetting timescale (τC ) as [87],
r
λC =
τC =

−

16π 3 γ 2
ho
A

96π 3 γh5o
A2

(1.10)
(1.11)

This theoretical approach predicts identical behavior as would be obtained by a linearized solution of
the Navier-Stokes mass transport equation, such as done in refs. [80, 89, 85] and also produces a very good
quantitative match with the experimental results[73, 82, 91, 75, 74]. This theoretical approach was further
extended by our group to the case of bilayer metallic films, as discussed next, and which is central to the
synthesis route utilized in the research presented in this dissertation.

1.4.3

Bilayer dewetting

In contrast to the vast number of theoretical and experimental investigations for dewetting of single layer
films, only a few theoretical studies have been performed for multiple film layers, such as bilayer polymer
liquids on solid substrates [36, 71, 92, 93]. In this case, the instability characteristics were explained on
the basis of different combinations of surface tensions of liquid layers and the solid surface. Depending
on the ratio of the layer thicknesses and the van der Waals interactions between different interfaces, the
system follow different pathways of dewetting [92, 93]. In our recent metal bilayer work, it was shown
theoretically that the characteristic self-organized length scale Λ, which describes the inter-particle spacing,
is a function of the material parameters and the individual film thickness [36].The length scale depends
14

Figure 1.9: A schematic showing bilayer film arrangement. The perturbations are shown on each film
surface and height of perturbed films are presented by h10 and h20 . The Hamaker coefficient characterizing
the intermolecular interactions between various surfaces, i.e. Ags , Ag2 and A2s are also illustrated in the
figure. [36]
on two sets of quantities. First is the intrinsic materials parameter set, which are the interfacial tensions
γ2 and γ12 , the viscosities of the two liquids η1 and η2 , and the Hamaker coefficients characterizing the
intermolecular interactions between each pair of interfaces, i.e. vacuum-substrate (Ags ), vacuum-middle
(Ag2 ), and middle-substrate (A2s ). The above mentioned quantities are indicated in the Fig.1.9. The second
is the experimentally controllable set consisting of the individual film thickness of the bilayers, h10 and h20 ,
and their order of arrangement on the substrate o.
Here, the rate of free energy change 4F due to perturbation in the two films is obtained as

"
˙ =
∆F

σ a21

#
Ag2s α 2
A12g (α − 1)2
A21s
γ2 α k + γ12 k +
+
+
e2σt−2ikx = σ a21 [dF]e2σt−2ikx
4
4
4
2πh20
2πh10 2π (h20 − h10 )
2 2

2

(1.12)

where,
Ag2s α 2
A12g (α − 1)2
A21s
2 2
2
˙
dF = γ2 α k + γ12 k +
+
+
2πh420
2πh410 2π (h20 − h10 )4

(1.13)

On the other hand, the viscous dissipation ĖV for the bilayer fluid flow is evaluated from knowledge of
the viscous stresses within each of the two fluid layer as:
ˆ
E˙V = η1
0

h10

du1 2
) dz + η2
(
dz

ˆ

h20

(
h10

du2 2
) dz
dz

(1.14)

Consequently, the length scale could be expressed as a function of these variables as Λ = f (γ, A, h, o).
In a later portion of this thesis, Chapter 5, we will utilize this theoretical model to predict the length scales
of spacing and size of nanoparticles made from the Ag-Co system and compare it with experimental results.

1.5

Electron energy-loss spectroscopy

In the present study, high resolution microstructure characterization was done in 3rd order aberration corrected scanning transmission electron microscope (STEM) (VG501HB) and monochromated Zeiss Libra
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Figure 1.10: A typical core-loss region, showing various types of ionization edges i.e. abrupt, delayed and
white-line peaks, and their associated background (dashed curves) [94].
200 microscope. In addition to bright field and high-angle annular dark field (HAADF) or Z-contrast imaging, electron energy-loss spectroscopy (EELS) was performed to study chemical bonding, composition analysis (both in core-loss region) and surface plasmon excitation (in low-loss region) etc. The specific details
of the various microscopes used are in Chapter 2.

1.5.1

Background

EELS in a TEM studies the kinetic energy loss of electrons due to Coulombic interaction with a material.
This interaction is unique for electrons of atoms of different elements and thus, the energy-loss is characteristically different in every material. An electron from the electron beam of a TEM passing through material
can interact with electron clouds of the atoms present and transfer some of its kinetic energy to them. Some
of the electrons will undergo inelastic scattering, which means that they lose energy and have their paths
deflected by small amounts. The amount of energy loss can be measured via an electron spectrometer and
interpreted in terms of what causes the energy loss. Inelastic interactions include phonon excitations, interand intra-band transitions, plasmon excitations and inner shell ionizations.
The inelastically scattered electrons contain important information about the energy-loss spectrum,
which is broadly divided into two regions based on the energy-range: (i) low-loss region (< ~50 eV) and
(ii) core-loss region (50 < E < 3000 eV). The low energy region corresponds to inelastic interactions due to
outer-shell electrons which translates into phonon excitations, inter- and intra-band transitions, bulk plasmon
excitations, inner shell ionizations, and Čerenkov radiation. In addition to that, interaction with surface free
electrons is also observed in low-loss spectra, which are known as LSPR and are predominantly observed
at the surface of nano-sized structures. In chapters 3 to 5 of this thesis, we will discuss the surface plasmon
behavior within Ag-Co bimetallic NPs excited by incident electron interaction.
The core-loss region corresponds to inelastic scattering of electrons due to interaction with inner-shell
electron in a atom. In the core-loss region, characteristic peaks due to these interactions are seen on the
declining background which are called ionization edges. The core loss spectrum shows those electrons that
have lost energy by excitation to deeply bound core states ( K, L, M shells) and get excited to electronic
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states above the Fermi level. There are three different characteristic shapes of ionization edges as shown in
Fig. 1.10, (i) abrupt edge (K edge of Oxygen), (ii) delayed edge (M45 edge of silver), and (iii) white line
peaks (L edge of Co, Ni). When viewed in greater detail, quantitative analysis of fine structures on ionization
edges give quite detailed information about the material such as oxidation state, coordination number and
energy band structure of an element..

1.5.2

EELS quantification

At higher energy loss, the intensity in the spectrum falls dramatically (shown in Fig. 1.10 [94]) but some
characteristic peaks superposed on this decline which are called ionization edges. It represents the excitation
of core electrons belonging to inner atomic shells. Because the edge threshold occurs at the binding energy
Ek of each shell (k =K, L, etc.), which is known for all elements, the element responsible can be identified.
Moreover, the amount of each element can be quantified by measuring the intensity IC (above background)
of the edge, integrated over a convenient energy range 4 as shown in Fig. 1.10. Knowing the angular range
β of the scattering allowed into the energy-loss spectrometer, the cross-section σc (β , 4) for inner-shell
scattering can be calculated and the areal density (N atoms per unit area of specimen) obtained from
N=

[Ic (4)/I1 (4)]
[σc (β , 4)]

(1.15)

Though Eq. 1.15 provides absolute (standardless) quantification, elemental ratios are more useful to get
compositional information. The compositional ratio of two elements A and B can be given as [94, 95, 96]
N A [IcA (4)/I1 (4)] [IcB (4)/I1 (4)]
=
/
NB
[σcA (β , 4)]
[σcB (β , 4)]

(1.16)

Here, Ic (4) can be expressed as pc .σc (β , 4) where pc is a multiplier to the cross-section in the energy
loss spectrum.
Therefore, equation 1.16 can be simplified as [97],
NA
pAc
=
NB
pBc

(1.17)

Based on the described quantification approach, EELS data is analyzed for various materials, and will
be discussed in chapters 4 and 5.

1.6

Outline of dissertation
• Chapter 2: Experimental techniques
In this chapter, various experimental techniques used in the study presented in this thesis are described.
To synthesize the NP arrays, a pulsed laser dewetting self-organization approach is used, in which thin
films of Ag and Co were deposited and it was then irradiated by multiple pulses from a high-energy
nanosecond (ns) pulsed laser. Optical characterization was done using broadband spectroscopy, by
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which the optical response as well as LSPR characteristics of the NP arrays were determined. The
microstructural characterization was done by using scanning electron microscopy (SEM) and TEM.
TEM was used to analyze microstructure at high resolution. EELS in STEM mode was performed for
elemental identification and surface plasmon study.
• Chapter 3: Newly developed methods and techniques
This chapter in the dissertation covers various methods and analytical techniques, related to synthesis
of NP arrays, optical spectroscopy measurements and electron energy-loss spectroscopy (EELS) data.
To improve data interpretation, we developed various experimental techniques and models which
are versatile and can be effectively used in any other system. In this chapter, the newly developed
methods and techniques that will be discussed are: (i) synthesis of metallic NP arrays on flexible
carbon substrate to ease TEM sample preparation and improve EELS analysis, (ii) 3-dimensional
thickness profiling of embedded/hidden nanostructures e.g. core material of core-shell structures by
EELS, (iii) low-loss EELS quantification for interpreting surface plasmons, and (iv) modified effective
medium approximation model for understanding the optical behavior of Ag-Co bimetallic NPs.
• Chapter 4: Results
This chapter covers all the results from various studies of bimetallic Ag-Co NPs. This chapter includes, (i) the synthesis of self-organized bimetallic NP arrays where NP structure, size and length
scale are analyzed, (ii) LSPR wavelength tunability (iii) LSPR sensitivity towards external dielectric
environment (iv) oxidation stability of Ag-Co NPs and (v) surface plasmon study by EELS.
• Chapter 5: Discussion
In this chapter, the conclusions drawn from the obtained results during the PhD work are discussed.
(i) A theoretical parameter space is defined based on the size and composition of bimetallic Ag-Co
NPs. The result shows that NPs ranging from 30 to 250 nm with composition varying between 10%
to 95% Ag can be synthesized by bilayer self-organization process. (ii) One order high tunability in
LSPR wavelengths can be achieved in Ag-Co NPs compared to pure Ag NPs of similar size. (iii) A
mechanism is suggested for oxidation stability of Ag-Co NPs using the principle underlying galvanic
coupling between Ag and Co in a NP. (iv) The discovery of ferroplasmons in Co when in contact with
Ag is discussed and a tentative explanation for it is presented.
• Chapter 6: Summary and future work
A summary of the main results of this dissertation as well as some potential future directions of
research pertaining to surface plasmon excitation by electron beam for various plasmonic systems is
discussed.
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Chapter 2

Experimental Techniques
2.1

Summary

In this chapter, the various experimental techniques used in the study presented in this thesis are described.
To synthesize the nanoparticle (NP) arrays, a self-organizing top-down approach was used, in which thin
films of Ag and Co were deposited and it was then irradiated by high-energy pulsed laser. Optical characterization was done using UV-Vis optical spectrometry, by which optical transmission/absorption and localized
surface plasmon resonance (LSPR) response of NP arrays were determined. The microstructural characterization was done by using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). TEM was used to analyze microstructure at high resolution. In addition to that, electron energyloss spectroscopy (EELS) in scanning transmission electron microscopy (STEM) mode was performed for
elemental identification and surface plasmon study.

2.2

Synthesis of nanoparticle arrays

The technique used in this study to synthesize NP arrays is a self-organizing process and consists of two
steps. (i) Deposition of thin films (Ag and Co) in high vacuum, and (ii) Melting of the films by nanosecond
laser pulses resulting in dewetting into NP arrays.

2.2.1

Thin film deposition

First, thin films (1~10 nm) of Co and Ag were deposited on quartz (SiO2 ) and commercially available 400
nm SiO2 /Si(100) substrates, using electron beam evaporation (e-beam) technique under high vacuum ( base
pressure ~ 1X10−8 Torr). SiO2 /Si(100) substrate consists of 400 nm thick thermally grown oxide layer on
polished Si. For deposition, either a four-source mini e-beam evaporator system from Mantis Deposition
Ltd. or a one-source system from Tectra GmbH Physikalische Instrumente was used. The evaporation rates
used for the experiments are given in Table2.1:
The verification of thicknesses and roughness of the deposited thin films were done using atomic force
microscopy (AFM). The e-beam evaporation rates for Ag and Co were calibrated for various input settings
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Table 2.1: The evaporation rate for Ag and Co from two available e-beam evaporators. The quantity in the
parenthesis is the flux current measured during use of the Mantis e-beam and the filament current during
use of the Tectra e-beam.

e-beam (Mantis)
e-beam (Tectra)

Ag
6 nm/min (15nA)
-

Co
3 nm/min (45 nA)
1.2 nm/min (6 µA)

Figure 2.1: (a) Schematic showing the experimental approach for nanoparticle synthesis. A bilayer film is
irradiated by a pulsed laser. (b) An intermediate morphology observed early in the dewetting process of the
bilayer films. (c) A representative nanoparticle morphology obtained later in the dewetting process. Such
NP arrays were extensively investigated in this thesis.
by doing step height measurements in the AFM. In addition, one extra piece of substrate was kept with
partial masking during every run of deposition for thickness measurements. The roughness of various films
were also measurement by AFM and an upper limit of 0.1±0.03 nm was established for the average rms
roughness over the areas that were subsequently utilized in the NP synthesis [65].

2.2.2

Pulsed laser induced thin film dewetting

Following deposition, the final stable array of NPs were produced by irradiation at normal incidence to the
substrate under vacuum with a Gaussian shaped pulsed laser beam from a neodymium-doped yttrium aluminum garnet (Nd-YAG) laser (Quanta-Ray Lab-150-50, Spectra-physics Newport Corporation), operating
at its fourth harmonic of 266 nm wavelength, with pulse width of 9 ns, and repetition rate of 50 Hz. The
average laser energy density was chosen (between 80 to 100 mJ/cm2 ) such that the entire bilayer could be
melted for all the thickness combinations, as evidenced by a morphology change [72]. The bilayer films
were irradiated for a total of 10000 laser pulses (~3 mins) to ensure the formation of NP arrays. During this
process, the films melt under each pulse and evolve by dewetting self-organization through various intermediate morphologies to eventually form an array of nearly hemispherical shaped nanoparticles arrays. In Fig.
2.1, a schematic of the experimental procedure and representative SEM micrographs of early and later stage
dewetting morphologies are shown.
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Figure 2.2: A representative transmission spectrum acquired by optical spectroscopy.

2.3

Optical spectroscopy

Optical properties for the various NP arrays were measured by the HR2000+ES spectrometer from Ocean
Optics in the transmission mode. The DH-2000 light source (Ocean optics) was used for the measurement,
and it contains unpolarized light from deuterium and halogen sources. The diameter of probe area for the
optical measurements was 600 µm and the optical response was measured in the wavelength range of 300800 nm. SpectraSuite software (licensed by Ocean Optics) was used to acquire optical data. A typical
acquired transmission spectrum is shown in Fig. 2.2 for an array containing Ag NPs with 100 nm average
diameter.
The optical spectra were collected with acquisition time of 0.1 sec and the output spectra was averaged
over 100 scans to enhance the signal to noise ratio. The deuterium light source has characteristic Dα (656
nm) and Dβ (486 nm) peaks and Fulcher-α band (560-640 nm) in its emission spectrum (shown in Fig. 2.3),
the reference spectrum in all the measurements were set up to avoid the saturation of these characteristic
features. However, Dα peak saturation was unavoidable due to spectrometer limitation and thus there was a
abrupt streak at this wavelength in the as collected transmission spectra. These data points in the published
spectra were removed by appropriate curve fitting at this wavelength.
For the optical measurements, all the samples were prepared on quartz substrates . The measurements
were done on various pure Ag and bimetallic Ag-Co samples kept at room temperatures for long time
intervals (for days). The results related to these measurements will be discussed in the later chapters. For
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Figure 2.3: Measured reference spectrum of DH-2000 light source showing characteristic Dα and Dβ peaks.
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the external medium refractive index sensitivity measurements, the optical spectra were taken in air (R.I. =
1.00), isopropenol (R.I. = 1.378) and glycerol (R.I. = 1.47).

2.4

Scanning electron microscopy (SEM)

The synthesized NP arrays were investigated by scanning electron microscope for the information such as
particle size distribution, particle spacing and morphology. This characterization was done using different
SEMs over the period of this research. A Zeiss Auriga SEM operating at 30 KV, a Zeiss Merlin operating at
30 KV and a Hitachi S-4300 SEM operating at 20 KV were used for the analysis. Both secondary electron
(SE) and back scattered electron (BSE) images were acquired and analyzed in the study. In the analysis, the
average size of the NPs was estimated from the size distribution histogram generated from the SEM images.
Furthermore, the average spatial separation of the NPs was obtained by analyzing the fast Fourier transform
(FFT) of the SEM images. ImageJ software (downloaded from http://rsb.info.nih.gov/ij/index.html) was
used for statistical analysis of the SEM images . For the composition and elemental distribution investigation
of bimetallic NPs, x-ray mapping in JEOL JSM—7001F SEM operating at 20 kV was performed. Ag
(Lα =2.98 KeV) and Co (Kα =6.93 KeV) x-ray edges were used to generate the elemental maps which will
be discussed in the coming chapter.

2.5

Transmission electron microscopy (TEM)

TEM is a powerful tool for characterization of nanomaterials, especially NPs. TEM is excellent for imaging
NPs at high resolution, unraveling the information about various surfaces/interfaces and determining morphology and crystalline structure. The morphology and size distribution studies, however, were primarily
investigated by SEM and AFM, while TEM analysis on NPs were performed to obtain the high-resolution
information on structure and composition. .
In principle, the resolution of TEM imaging is determined by the wave nature of electrons. The wavelength of electrons accelerating at 100 and 200KeV is around 3.7 and 2.5 pm respectively, which is much
smaller than visible light wavelengths used in optical microscopes and thus gives much higher spatial imaging resolution in TEM. There are various imaging and analytical electron microscopy techniques which can
be used to study nanomaterials in a TEM. In our case, we used bright field (BF), high-angle annular dark
field (HAADF) imaging, selected area diffraction (SAD), convergent beam diffraction (CBED), and EELS
techniques for the analysis of Ag-Co bimetallic NPs. In particular, HAADF and EELS were rigorously used
in this work.

2.5.1

High-angle annular dark field (HAADF) imaging in STEM

HAADF images are formed by collecting electrons scattered at high-angles with an annular dark-field detector in STEM mode. The contrast of HAADF images is strongly dependent on the average atomic number of
the scatterer encountered by the incident probe beam and thus it is also called Z-contrast imaging. HAADF
imaging is also dependent but weakly affected by dynamical diffraction effects, the defocus and the sample
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thickness variations. However spatial resolution in HAADF images is limited by the size of the focused
incident probe. Since contrast in HAADF or Z-contrast images are highly sensitive to the atomic number
(Z), it was widely used for imaging Ag-Co bimetallic NPs along with BF imaging. With the help of HAADF
imaging, the information such as crystallinity in the NP as well as elemental distribution of Ag and Co was
determined.

2.5.2

Electron energy-loss spectroscopy (EELS) in STEM

EELS technique was used in the present work for two main purposes; (i) To identify elements and its
distribution in bimetallic NPs with very localized and quantitative analysis, and (ii) to study surface plasmon
excitation due to electron beam at various surfaces and interfaces of bimetallic NPs.
2.5.2.1

Core-loss EELS

For studying the spatial distribution of Ag and Co in the bimetallic NPs, core-loss EELS was performed in
spectrum imaging mode in STEM. In addition to acquire the core-loss data, low-loss EELS was also acquired at reduced probe current from the selected area to do more accurate deconvolution and thus eliminate
plural scattering effects from core-loss data. Virtual objective aperture (VOA) current was also measured
and noted for all the acquired EELS data to convert number of counts in each EELS spectrum into number of inelastically scattered electrons. The core-loss data was collected with an energy dispersion of 0.5
eV/channel (in VG501HX STEM), while exposure time was varied depending on signal to noise ratio of
core-loss signal in various samples.
2.5.2.2

Low-loss EELS

To investigate the surface plasmon behavior of Ag-Co NPs at very localized scale, low-loss EELS data
was acquired. The data was collected in Zeiss Libra200 TEM operating at 200 KV. Low-loss EELS was
performed over a selected region pixel by pixel in STEM mode. In the TEM, 0.5 µm monochromator slit
was used while acquiring EELS data which give extremely narrow energy spread and an energy resolution
of 0.15 eV with an energy dispersion of 0.05 eV/channel.
In the present work, two different TEMs were used for analysis; (i) a dedicated STEM VG501HX with
3rd order aberration correction, and (ii) High resolution transmission electron microscope (HRTEM) Zeiss
Libra200 MC with monochromator and energy filter. The microscopes were used for the characterization of
bimetallic Ag-Co and pure Ag NPs by HRTEM imaging, bright field (BF) and high-angle annular dark field
(HAADF) or Z-contrast imaging in STEM and EELS, which will be explained later in the chapter.

2.5.3

Scanning transmission electron microscope (STEM) VG501HX

A dedicated 3rd order aberration corrected STEM VG501HX was used in the present work for BF and
HAADF imaging, diffraction studies and EELS analysis of bimetallic NPs. This is a dedicated STEM
which is operated at 100 KV accelerating voltage with a tungsten cold field emission gun (FEG) and has a
beam size of ~1 Ao . An schematic of VG501 STEM in ORNL (STEM group) is shown in Fig. 2.4.
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Figure 2.4: Schematic of VG501HX STEM.
In the figure, all abbreviations “V1-V9” correspond to various vacuum valves at different parts of the microscope. Similar to other STEMs, the microscope is pumped by different ion getter pumps, Ti sublimation
pumps and turbo-molecular pumps backed by roughing pump for various columns of it.
This STEM is equipped with 3rd order aberration corrector developed by Nion Inc.. In addition, it is
facilitated with Gatan Enfina parallel electron energy-loss spectrometer (PEELS) for acquiring EEL spectra
together with HAADF images.

2.5.4

Transmission electron microscope (TEM) Zeiss Libra200 MC

Zeiss Libra200 MC microscope was also used for the studies such as, BF and HAADF imaging and EELS
analysis (specially for low-loss EELS). This microscope works at an accelerating voltage of 200KV and has
schottky FEG gun integrated with OMEGA type monochromator. Schottky FEG generally has narrower
energy spread than cold FEG gun which enhances the resolution. In addition, electrostatic OMEGA-shaped
monochromator helps to improve the energy resolution. This microscope is equipped with parallel EEL
spectrometer (Gatan Inc.) and a W-shaped MANDOLINE energy-filter for energy-filtered transmission
electron microscopy (EFTEM). The energy resolution in this microscope is around ~0.15 eV and has a
very narrow zero-loss energy profile with reduced tails, which helps acquiring more details of band-gap and
surface plasmon related information from low-loss EELS region. A schematic of Zeiss Libra200 is shown
in Fig. 2.5 :
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Figure 2.5: Schematic of Zeiss Libra200 MC.

2.6
2.6.1

TEM sample preparation
Conventional mechanical polishing

The cross-sectional view TEM samples were prepared by mechanical polishing, followed by ion milling.
Mechanical polishing was done using diamond lapping films (15 µm to 0.5 µm) in the Multiprep system
from Allied High Tech Products Inc. to thin down the samples down to 25 m thickness. Further processing
was done by twin-jet ion milling in Gatan’s precision ion polishing system (PIPS) to make sufficiently thin
(50–100 nm) samples for the TEM and EELS studies.

2.6.2

Focused ion beam (FIB) in SEM

TEM samples were also prepared by FIB technique using Zeiss Auriga dual beam FIB SEM. The Ag-Co
NP array samples were coated with protective Pt layer of 2-3 µm by a gas injection system (GIS). A lamella
of around 10µm x 2 µm x 10 µm was cut using high energy (30 KV) gallium ion beam while rotating the
sample at 54o . Further smoothening of the lamella was done by rotating sample at ±2o to 54o . The lamella
was then attached to the tungsten needle at one end and lifted out of the main piece of sample, as shown in
Fig. 2.6(a) . As a next step, it is welded on the commercially available TEM grid for FIB samples. As the
finer polishing and further thinning, low current and voltage gallium beam is used and a window of thickness
< 100 nm is made as shown in Fig. 2.6 (b) which is electron transparent and can be used for TEM analysis.
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(a)

(b)

Figure 2.6: (a) Secondary electron (SE) SEM image showing the lift-out of lamella by tungsten needle from
the main sample (b) Lamella welded on TEM grid showing an electron transparent window.

2.6.3

NP on carbon floating-off technique

This technique is based on hydrophobic nature of carbon with water. In this method, NP arrays were made
on a carbon substrate which was deposited on mica. These samples were then dipped in water where NP/C
system peels off from mica and starts floating on water. In the subsequent step, water was drained from the
container and NP/C system settled on TEM grids which were put at the bottom of container.
This method to make TEM specimens is novel and developed during the PhD thesis work. This process
will be discussed in detail in chapter 3.
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Chapter 3

Newly developed methods and techniques
3.1

Summary

The work in this dissertation covers a variety of methods and techniques (as discussed in Chapter 2), ranging
from synthesis of NP arrays to optical spectroscopy, transmission electron microscopy (TEM), and electron
energy-loss spectroscopy (EELS). As new aspects and properties of Ag-Co bimetallic nanoparticles (NPs)
were explored in the study by using the various state-of-art techniques, in many cases, existing techniques,
models, and theories were not entirely capable of generating relevant information and/or interpreting the
collected data. Therefore, to improve data quality as well as its analysis, we developed various new experimental techniques and models, which are versatile and can effectively be used in other systems. In this
chapter, the new methods and techniques that will be discussed are (i) Synthesis of metallic NP arrays on
flexible carbon substrate to simplify sample preparation while improving the quality of TEM and EELS
analysis, (ii) New model for quantitative analysis of core-loss EELS, (iii) 3-dimensional thickness profiling
of embedded/hidden nanostructures e.g. core material of core-shell structures by EELS, (iv) low-loss EELS
quantification for interpreting surface plasmons, and (v) modified effective medium approximation model
for understanding the optical behavior of Ag-Co bimetallic NPs.

3.2

New synthesis route for cost-effective flexible opto-electronic devices and
TEM specimens

Nanostructures fabricated on flexible substrates are important towards translating some of the potential the
capabilities of nanotechnologies into novel devices and applications in sensing, opto-electronics, nanophotonics, etc [98, 99]. It is critical to find innovative and simple approaches to synthesize such materials.
Currently, most of the existing synthesis methods are expensive, sophisticated and time-consuming, such as
lithography. Furthermore, high resolution nanoscale materials characterization, such as by TEM, can also
be greatly aided if the nanostructures and nanomaterials of interest are easily and conveniently available on
electron transparent substrates.
Here, we show a simple, robust and cost-effective method to synthesize nanostructures on flexible and
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transferable substrates which enables the possibility of making three dimensional (3D) device structures.
This method is also a powerful tool to make TEM samples that significantly enhances the quality of samples while simultaneously reducing the time for preparing samples. In this method, laser induced wetting
is coupled with the well-known Carbon (C) float-off technique to produce ordered as well as disordered
nanoparticle (NP) arrays on flexible C substrate. The NP arrays on C, referred henceforth as NP/C, can be
stacked or rolled to make multi-layered flexible structures depending on the particular application. These
structures could also be settled or deposited onto TEM support grids or other substrates for various characterization as well as TEM analysis.
NP array formation occurs due to the instabilities introduced by laser irradiation on the thin film surface,
which leads metal film to dewet on C substrate and form nearly hemispherical shaped NPs. On the other
hand, C float-off technique takes advantage of hydrophobic nature of C on water (or other selective liquids)
which makes C film float-off at water/air interface due to surface tension forces.
In the present study, we chose Ag as the representative material to synthesize NP arrays on C film and to
further analyze its microstructure (in TEM). However, NPs of various other systems such as mono-metal Co,
bimetallic Ag-Co and Au-Co were also successfully made in order to verify the robustness of the process,
which will be discussed in coming chapters.

Figure 3.1: Schematic of NP array synthesis technique on flexible substrates. Step 1: Laser irradiation on
the metal film deposited on the C/mica substrate. Step 2: Formation of NP arrays on C/mica substrate.
Step 3: Insertion of NP/C/mica in the water, where NP/C separates with mica substrate due to hydrophobic
nature of C. Step 4: NP/C system settling on TEM grid due to draining of water.
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3.2.1

Method

In this study, amorphous carbon film of ~20 nm thickness was sputtered by Sputter/Carbon coater (SPI
supplies) in vacuum (∼ 10−4 Torr) onto freshly cleaved mica substrates. In the next step, a thin film of Ag
(~5 - 20 nm thickness) was sequentially deposited on amorphous C film, using electron beam evaporation (ebeam) technique under high vacuum (∼ 1X10−8 Torr). Following deposition, the samples were irradiated
for 100 pulses by nanosecond pulsed Nd-YAG laser at normal incidence as shown in Fig. 3.1, which is
operating at its fourth harmonic of 266 nm wavelength with a pulse width of 9 ns and repetition rate of 50
Hz. The laser energy density was experimentally chosen to be sufficient to melt the Ag film and produce
NPs. This energy ranged between 70-90 mJ/cm2 . Following approximately 100 pulses of the irradiation, an
array of hemispherical shaped Ag NPs on the C/mica substrate was formed by liquid metal dewetting.

(a)

(b)

Figure 3.2: (a) The NP(Ag)/C system is separated from the mica substrate due to debonding caused by
hydrophobic nature of C with water (b) Ag NP arrays on C substrate floating on water surface due to
surface tension. The TEM grids are visible at the bottom of the water carrying container.
The NP(Ag)/C/mica samples are then dipped into water at an angle between 30 to 800 . As a result,
C film containing Ag NP arrays [NP(Ag)/C] separates out from mica, and floats on the surface of water
due to hydrophilic nature of mica and hydrophobic nature of C, as shown in the schematic Fig. 3.1. The
physical driving force yielding this float-off is the capillary force exerted by water that invades the hydrophilic/hydrophobic interface, resulting in the dynamic separation of both surfaces. The separated NP/C
film remains stretched because of the surface tension working on its surface with respect to water. Subsequently, water is drained out and NP/C is settled on a standard TEM Cu grid. The TEM grid is then dried
by heating at 60oC for 2 hrs. Fig. 3.2 shows real time C film lift-off technique where Fig. 3.2(a) exhibit the
peeling of C film from mica support substrate and Fig. 3.2(b) shows a floating C film on water and TEM
grids at the bottom of water carrying container. In Fig. 3.2(b), the floating film shows transparent and darker
regions. Transparent circular region is the region containing the NPs. The darker region contains a 5 nm Ag
film on the C substrate.
The resulting patterns were analyzed by a Zeiss-Auriga SEM in SE and STEM mode, operating at 30
KV. Zeiss Libra200 TEM microscope was used for high resolution imaging and EELS study which works
at 200 KV.
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(a)

(b)

(c)

Figure 3.3: (a) An overview image of TEM grid showing large area coverage of Ag NP on C substrate, (b)
HAADF image of Ag NP arrays (c) a high resolution bright field image of an Ag NP.
Fig. 3.1 shows schematic of whole process of lifting-off Ag NP on C substrate which is useful for
constructing novel 3-D layered structures for various devices. As shown, Ag NPs were first created by laser
induced dewetting on the surface of C. These were then transferred on to TEM grid by floating-off C on
water surface and subsequently draining the water out (Fig. 3.1). Fig. 3.3(a) shows the overview image of
TEM grid which show the large area coverage of C film with Ag NPs. A HAADF image of Ag NP arrays
of is shown in Fig. 3.3(b) and high resolution image of individual Ag NP is shown in Fig. 3.3(c). Though
the process is inspired by the well-known method of preparing polymeric/biological TEM specimens, this
process of coupling pulsed laser-induced metal dewetting and a TEM sample preparation route enables the
synthesis of contamination-free, clean NPs on the TEM grid support by which high resolution TEM analysis
as well as its functional property characterization is possible at the same time, thus helps in understanding
structure and property correlations.

3.3

3D thickness profiling of embedded/hidden nanostructures

The three-dimensional (3D) profiling of hidden/embedded nanostructures in complicated geometries such
as core-shell and composite structures is critical for various applications, e.g. bio-sensing and solar energy
harvesting. Usually, the conventional analytical methods are unable to provide information on thickness
profile of the embedded structures and could just obtain the thickness of whole structures. The analytical
technique presented is a powerful tool to determine 3D details of the embedded structures by using core-loss
EELS spectra. Here, the EELS model is used to determine the thickness of the Co core in Ag-Co core-shell
NPs. The cross-sectional Z-contrast image of a representative hemispherical NP is shown in Fig. 3.4(a),
consisting of cobalt (Co) core embedded in a Ag shell. The elemental map of Ag and Co for the same NP is
shown in Fig. 3.4(b).
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(a)

(b)

(c)

Figure 3.4: (a) The cross-sectional Z-contrast STEM image of Ag-Co core-shell. (b) Elemental map of Ag
and Co corresponding to the NP shown in Fig. 3.4(a). The color bar in the figure indicates the atomic
percentage of each element. (c) The thickness profile of the core (i.e. cobalt) of Ag-Co core-shell NP. The Xand Y-directions in the figure correspond to the axes shown in the Fig. 3.4(b). The color bar represents the
thickness (in nm) of core along the electron beam path. Figures a and b are taken from Ref. [97].

3.3.1

Method:

Core-loss EEL spectra of core-shell particles were collected in 3rd order aberration corrected STEM (VG501HX)
with 5 second exposure time/step over 14x10 steps. The convergence and collection angle for the EELS measurements were 24 and 13 mrad respectively, while the measured virtual objective aperture (VOA) current
was 170 nA. The low-loss spectrum was collected over the entire NP with 0.5 sec exposure time with a
VOA current of 48 nA. This low-loss spectrum was incorporated in the model for the thickness correction
of all core-loss EEL spectra taken over the entire NP. The EELS spectra were then analyzed to obtain areal
density of Ag and Co along the z-direction [demonstrated in Fig. 3.4(a)] in the NP using Hatree Slater
method which works better to calculate differential cross-sections for the delayed ionization edges of Ag (at
367eV). The scattering probability of Co is calculated to be between 3.8-4 ppm at different positions in Co
core. Now, it is assumed that Co (FCC structure) atoms are arranged in such a way that (100) crystal planes
are along the electron beam direction (z-direction). The planer areal density of Co (100) plane is used, i.e.
31.74 atoms/unit area, is used to determine the total number of Co atoms, and thus the thickness of Co along
the z-direction. The equation used to calculate thickness is given by:
T hickness =

Areal density (EELS)
Areal density (T h.)/a (nm)

(3.1)

where, a is the lattice parameter of Co. The calculated 3D profile of Core Co thickness is shown in Fig.
3.4(c), which shows the X- and Y-direction according to the axes given in Fig. 3.4(a). The profile shows
that the thickness of Co is around 45 nm at the center of the core which is almost similar to the diameter of
Co core, and it decreases as it goes along X- or Y- directions. This profile is consistent with the hemispherical shape of Co core and thus implies that the approximation of Co atomic orientation is valid within the
error-range. Though the thickness of Co core is predicted quite well here, this can be further improved by
performing thickness correction with low-loss spectra for individual core-loss spectra. Finally, the results
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show that the presented model for EELS data interpretation works well for predicting thickness of embedded
structures in core-shell geometry and will be used to determine thickness of embedded particles in various
other systems in future.

3.4

Low-loss EELS quantification

Generally, low-loss EELS is defined within ~50 eV energy-loss regime. Low-loss EELS shows very small
energy losses due to inelastic interactions of weakly bound or outer shell electrons in the atoms of specific
material. Low-loss EELS enables the study of surface plasmon resonance, inter/intra band transition, phonon
excitations, band gap of materials, inner shell ionizations, Cerenkov radiation and specimen thickness measurements from a very localized region. Low-loss EELS, in general, is affected by the influence of large
tails of zero-loss peak, which suppress the features in the data such as surface plasmon etc. This problem
is dealt by the introducing monochromated electron source in TEM which reduces the energy spread of the
beam. By using TEM with monochromator and energy-filter (Zeiss Libra200 MC), we acquired state-of-art
EELS energy resolution of 0.1-0.15 eV with very small zero-loss tail and very high quality low-loss EELS
data. Fig. 3.5 shows a zero-loss peak (~0.15 eV energy resolution) obtained from the aforementioned TEM.

Figure 3.5: A zero-loss EELS peak acquired from monochromated Zeiss Libra 200 TEM with a energy
resolution of 0.15 eV.
In the present work, we are specially interested in analyzing the behavior of surface plasmons (SPs)
excited by the electron beam, including of Ag, Au, Ag-Co and Au-Co metallic NPs. The quantitative analysis of the data is critical towards understanding near field plasmonic behavior. However, general literature
does not discuss a highly quantitative description of SPs from EELS measurements and therefore, do not
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present the full capabilities of EELS measurement in STEM. In addition, the existing analysis techniques
do not fully complement the high quality of EELS data that can be generated by latest state-of-art instruments. Here, we show a method to quantitatively analyze low-loss EELS data to maximize the extraction of
plasmon related information.

3.4.1

Method:

Surface plasmons at different energies are excited at various surfaces, which in turn are influenced by the
structure and geometries of the NPs. Here, as a prototypical case, we analyze take hemispherical Ag NPs
with EELS in STEM. To extract information of surface plasmons, we fit the whole low-loss spectrum (0-30
eV) with various analytical functions by using non-linear curve fitting method with help of scipy numerical
package (www. scipy.org).

(a)

(b)

Figure 3.6: (a) A typical zero-loss EELS peak fitted with the analytical function shown in Eq. 3.2. (b) A
zoomed in region at the tails of zero-loss peak showing a good fit with measured one.
As mentioned earlier, low energy SP peaks are influenced by the zero-loss peak tails, it is important to
emulate the profile of zero-loss peak with the help of an analytical function and remove its contribution from
the acquired low-loss EELS spectrum. After trying various functions, we found that the analytical function
which matches the zero-loss peak profile very accurately is:
F(x) = G1(x) ⊗ [L1(x) X L2(x)]

(3.2)

This is a function which consist of the convolution of a Gaussian function [G1(x)] with the product of
two Lorentzian functions [L1(x) and L2(x)]. The Fig. 3.6(a) show a fit on the measured zero-loss peak by
the analytical function [Eq. 3.2]. Since fit is most critical at the tails of zero-loss, the magnified image of
Fig. 3.6 (a) at the tails is shown in Fig. 3.6(b). This shows a good agreement between measured and fitted
zero-loss peak with max. error of 10%, and thus helps in removing zero-loss contributions accurately from
rest of low-loss spectrum.
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As the SP exhibit a Lorentzian profile [100], we fit many Lorentizians (as many as required) in the
measured data (between 1-30 eV) to extract various SP related information. The equation of Lorentzian
function, which is a singly peaked function, is given by:
L(x) = Ao

1
Γ/2
π (x − xo )2 + (Γ/2)2

(3.3)

where, Ao is the area under the Lorentzians, and Γand xo are bandwidth and SP position respectively. By
fitting, the Lorentzians in the acquired EELS data, we can obtain (i) SP peak position, (ii) bandwidth, and
(iii) area under the SP peaks, and thus also determine various other quantities such as dephasing time and
decay length.

Figure 3.7: An EELS experimental spectrum along with the fit based on various Lozentzian peaks.
Since we also measured the probe current of electron beam and calibrated the flux of electrons incident
on the sample, it was also possible to obtain the number of inelastically scattered electrons and scattering
probability of electrons as a function of energy-loss.

3.4.2

Results

A typical low-loss EELS spectrum is shown in Fig. 3.7 by solid black line. The spectrum is acquired on
the encircled region of a hemispherical Ag NP which is shown in the inset of Fig. 3.7. The measured EELS
data is fitted with 4 Lorentzians as shown (by dotted lines) and the sum of all Lorentzians is also plotted
by solid dark green line in the figure. As shown, the Lorentzian sum line exhibit a very good fit with the
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experimentally acquired EELS data.
Table 3.1: Table presenting peak energy position, bandwidth and area of the SP, measured by the discussed
quantification method. The data shown here corresponds to the energy-loss spectrum in Fig. 3.7.

1.
2.
3.
4.

SP position (eV)
3.03
3.48
5.93
21.4

Bandwidth (eV)
1.13
0.41
4.73
19.7

Area
16600
7600
55000
477000

In this figure, the lower energy Lorentizian peaks (2 to 10 eV) gives the most relevant SP related information. However, fitting of the high energy Lorentizian(s) (> 20 eV) is necessary to achieve excellent
background correction. From the given plot, plasmon peak energy position, its bandwidth and area under
SP are obtained as shown in Table 3.1.
The result in Fig. 3.7 clearly shows an excellent match between fitting and the experimentally acquired
EELS data. This confirmed that fitting Lorentzians is a good way to obtain accurate and quantitative SP
information. In addition, these results also suggest that fitted data can be used for data presentation instead
of representing EELS data by smoothening.

3.5

Optical model for multi-metal nanocomposites

Nanocomposite materials, consisting of two or more materials, are useful for various applications due to
exhibiting improved multifunctional characteristics. The optical/plasmonic response of composite nanomaterials is one of such useful property that can be used in materials for the applications related to optical signal isolation and switching [101], ultrasensitive biosensing [102], biocatalysis [103], and actively-controlled
plasmonics [104]. Usually, the optical response in nanocomposite materials is determined by the shape, size,
spacing, and composition [105, 75, 106, 107]. Predicting the optical behavior, especially in NPs which are
made by combining several materials and placed in varying dielectric environments, is therefore of significant interest. Towards this end, simple models that provide useful physical insight, such as mean field or
effective medium models, could be of great utility towards the design of promising materials, provided they
accurately capture the physical properties.
In this work, we present a mean field approximation approach to predict the experimentally measured
optical behavior, including the spectral change of the localized surface plasmon resonance (LSPR). We have
chosen composite NPs consisting of Co and Ag made on an SiO2 surface and NiSi2 NPs embedded within
Si thin films as systems to validate the model. While the problem of a metal inclusion in an otherwise
homogeneous and transparent media was solved by Mie at the beginning of last century [44], the problem of
more than one type of inclusion is still a complex problem. Recently, a self-consistent approach to express
the effective dielectric function of mixtures based on a binary mixing process was developed [108]. This
approach has produced good agreement with linear as well as non-linear optical behavior of bulk systems
such as dielectric medium containing metal particles [109, 110]. In this study, we extend this approach so
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(a)

(b)

Figure 3.8: (a) SEM image of the array of composite NPs made from a 4 nm Co/ 4 nm Ag bilayer. Inset
image shows the FFT, indicating spatial short range order. (b) The schematic model of the Co-Ag NP array
layer formed by hemispherical particles of radius h on top of SiO2 substrate. The contact area of NP with
the substrate is 50%.
that it can be applied to describe the absorption and transmission spectrum of an array made of composite
metal nanoparticles, such as Ag-Co as well as of silicide particles embedded in Si thin films.

3.5.1

Experiment and model

Samples of NP arrays were prepared by the laser-induced dewetting self-organization process [106, 73].
Briefly, thin films of Ag followed by Co were sequentially deposited by electron beam evaporation under
ultra high vacuum (~1x10−8 Torr) on commercially available optical quality quartz (SiO2 ) wafers similar to
the way described in sec. 3.2. Bilayer films with individual metal layers of identical thickness and of 2, 3 and
4 nm were prepared. In addition, 5 nm thick single layer films of Co and Ag were also deposited. Following
deposition, the samples were irradiated in vacuum with a Nd-YAG laser beam (Quanta-Ray Lab-150-50
Nd-YAG laser, Spectra-physics Newport Corporation), operating at 266 nm wavelength, pulse width of 9
ns, and repetition rate of 50 Hz, to create the final stable array of NPs for all the single and bilayers. The laser
energy density was selected between 80 to 100 mJ/cm2 , so that all the film layers could be melted for all the
thickness combinations to create the final stable NPs arrays. While the beam had a Gaussian spatial profile,
its energy density could be considered to be uniform over the approximately 1 mm2 area of investigation.
The patterns were then characterized using a Hitachi S-4300 scanning electron microscope (SEM) operating
at 15KV. A typical NP array of made from 4 nm Co/4 nm Ag is shown in Fig. 4.1(a). The inset image in the
figure shows the fast fourier transform (FFT) indicating the short range order in the NP array. SEM images
of NP arrays obtained from each bilayer system were then analyzed to estimate the average particle diameter
D of the NP arrays, which were 38, 52 and 98 nm for the 2/2, 3/3 and 4/4 nm bilayers respectively. Also,
average particle size obtained for pure Co and Ag NP arrays, were 75 and 69 nm respectively. Transmission
electron microscopy imaging of NPs prepared by this technique have shown previously that the NPs are
granular with grains made from the individual metals Ag and Co [75]. This finding is consistent with the
fact that these metals are immiscible with each other. Furthermore, the NPs were nearly hemispherical in
shape, consistent with the equilibrium contact angles for the two metals on SiO2 , which is 820 for Ag and ,
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1020 for Co [75]. In Fig. 4.1(b), a schematic model of AgCo nanocomposite particles has been presented
which shows polycrystalline NPs with an average radius h (=D/2) at a inter-particle spacing of Λ.

(a)

(b)

(c)

Figure 3.9: Optical transmission (%) as a function of wavelength for 50%Ag-50%Co nanocomposite particles. (a) Particles made from 2 nm Co/2 nm Ag bilayer. (b) Particles made from the 3 nm Co/ 3 nm Ag
bilayer. (c) Particles made from the 4 nm Co/ 4 nm Ag bilayer. The experimental measurements in are
shown by solid lines, while the theory predictions are shown by the dashed lines. The minima in the curves
corresponds to the LSPR position. The inset shows the measured particle size distribution.
Table 3.2: Data used in the fitting program. In the final optimization step, the free parameters were h, Λ,
fmix , and the radius (r) of the grains of Ag and Co within the NPs. The quantities with superscript ’expt’
correspond to the experimental values while those with superscript ’fit’ correspond to values obtained from
optimization.

2Co-2Ag
3Co-3Ag
4Co-4Ag

expt
fmix
0.14±0.06
0.09±0.04
0.080±0.03

f it
fmix
0.13
0.085
0.077

hexpt (nm)
19±5
25±7
50±12

h f it (nm)
18
25
50

rCo (nm)
7
8
12

rAg (nm)
8
11
14

Λexpt (nm)
74±5
128±10
260±18

Λ f it (nm)
78
130
260

In Fig. 3.9(a-c) the experimentally measured (solid lines) broadband optical transmission data in the
range of 250 to 800 nm is shown for the NPs prepared from the different bilayers. The position of the
localized surface plasmon resonance (LSPR) corresponds to the minima in the transmission spectrum. In
order to model this transmission data, the optical model was developed. Since the average size of the particles was much smaller than the probing light wavelength λ , each particle can be treated as a homogeneous
system with an effective dielectric function that can be given by mean field or effective medium approaches
[111, 112, 113]. Here we model the behavior in the following manner: the system is considered to be
a layer of thickness h (which is equal to the radius of the NPs) made by incorporating the hemispherical
NPs of effective dielectric function εe f f in a host medium of effective dielectric function εhost , as shown
in Fig.4.1(b). The effective dielectric function of the particle is calculated using the Milton lower bound
expressed as [112]:
εe f f = εAg

(εAg + 2εCo )[εCo + 2(1 − fCo )εAg + 2 fCo εCo ] − 2(1 − fCo )ζ (εCo − εAg )2
(εAg + 2εCo )[2εAg + (1 − fCo )εCo + fCo εAg ] − 2(1 − fCo )ζ (εCo − εAg )2

(3.4)

where εAg and εCo are the dielectric function of Ag and Co, fCo is the Co volume fraction (here = 0.5) and
38

finally ζ is given by
ζ = fCo +

(1 − fCo )(9G − 1)
2

(3.5)

Here, G is called the Miller parameter, and it depends on the shape of the grains making up the NP and
can have values ranging from [1/9, 1/3]. To obtain the Miller parameter for the case of spherical grains we
ran a simulation comparing the above equation with the Maxwell-Garnet form for spherical inclusions of
Ag grains of 20 nm radius embedded in a SiO2 matrix and obtained G = 0.09876556, which is close to the
lower value of its range of validity. Next, the host dielectric function was estimated as:
εhost = εSiO2 σ + (1 − σ )εo

(3.6)

where εSiO2 is the dielectric constant of SiO2 taken to be 2.26, εo is the dielectric constant of air (=1), and σ
is the ratio of the contact area of the NP with the substrate to the NP with the surrounding ambient, which
for our case of hemispherical shaped particles is σ = 0.33. Finally, to model the transmission data, the
system was considered to be a multilayer of air/NP layer/SiO2 which can be analyzed by the matrix transfer
approach in which each layer was represented by a characteristic 2x2 matrix. For example, the matrix for
the NP layer will be [113]:
"
M(h) =

m11 m12

#

m21 m22

(3.7)

where m11 = cos(β ) , m12 = − n̂i sin(β ), m21 = −in̂sin(β ) and m22 = cos(β ), and β = (2π/λ )hn̂ for normal
incidence, and n̂ = n + iκ is the complex index of refraction for the NP layer. Since the SiO2 substrate
layer is non-absorbing, for purposes of the transmission calculations, the layer thickness could be chosen
to be arbitrarily small so that the higher harmonics resulting from large values of β could be minimized in
the cosine terms. In our calculations, we assumed a thickness of 5 nm for the SiO2 layer and a dielectric
constant of εSiO2 = 2.26. Finally, the transmission coefficient in terms of the elements of the characteristic
matrix of the system can be written as:
tˆ =

2no
m11 no + m12 nSiO2 no + m21 + m22 nSiO2

(3.8)

where no is the refractive index of air (=1) and the transmittance can be expressed as:
T = tˆtˆ∗ = |tˆ|2

3.5.2

(3.9)

Results

The theoretical analysis of the experimental optical transmission data was performed as follows. First, the
Miller parameter G was obtained by the best fit of Eq. 3.9 to the experimental data for each of the three
samples studied (Table 3.2). The only other free parameters were the radius of the grains within the particles,
while the experimentally measured values of h, Λ and fmix were used (Table 3.2).
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(a)

(b)

Figure 3.10: (a) LSPR position as a function of particle diameter for 50%Ag-50%Co nanocomposite particles. Experimental data is shown by solid symbols while the theory prediction is shown by the line.Optical
transmission (%) spectra as a function of wavelength for pure Co (avg. size 75±9 nm) and Ag (avg. size
69±12 nm).
Here fmix is the volume fraction of NPs within the layer of thickness h calculated as fmix =

2π h 2
3 (Λ) .

In

addition, a size-dependent correction to the dielectric function for Co and Ag [114] was made using the
analysis provided in [46]. From this analysis the average value of G was obtained to be 0.27091, and this
value was then used in the next step, where the final theory fits, shown in Fig. 3.9, were obtained. In this
final optimization step, the free parameters were h, Λ, and fmix , which were allowed to vary between the
bounds of the experimentally measured uncertainties (Table 3.2), as well as the radius r of the individual
grains of Co and Ag. Table 3.2 summarizes the experimental data used as well as the best fit values obtained
for h, Λ, fmix , and r. The values obtained from the fit for h, Λ, and fmix are consistent with the experimentally
measured values. In addition, the r values are reasonable in context of the overall size of the NPs.
As shown in Fig. 3.9(a-c) very good agreement between the experimental transmission curve (solid
lines) and the model prediction (dashed line) was obtained. Key features such as the LSPR location as
well as the general shape of the optical behaviour were well captured by the model. However, a shoulder
around 375 nm in the experimental peak could not be predicted by this approach. This shoulder is likely a
result of higher order multipole effects thats are not possible to address with such effective medium models.
However, as it incorporates dipolar effects, it is very good at explaining the LSPR behavior. As shown in
Fig. 4.1(c), the experimentally measured LSPR position as a function of particle diameter (solid symbols)
has similar trend to the theory prediction. In addition, the actual quantitative difference in theory prediction
to the experimental LSPR position is only about 15 nm, which is very good given the simplicity of the
model.
The model was further used to analyze transmission spectrum of pure Co and Ag NP arrays, which well
predicts the optical spectra of pure Co (avg. size 75±9 nm) and Ag (avg. size 69±12 nm) NP as shown in
Fig.3.10. This confirms that this approach can be used for composite as well as elementally pure NPs.
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Table 3.3: Listed experimentally measured data for d, h used in optical model. fNi is the volume fraction of
Ni in the as deposited films, whereas fNP is the analytical volume fraction of NiSi2 NPs in Si films based on
TEM results.

NS8-1
NS8-2
NS8-3

fNi
0.016
0.032
0.064

(a)

fNP (Analytical)
0.032 ± 0.002
0.05 ± 0.002
0.1 ± 0.002

d (nm)
25 ± 4
20 ± 3
10 ± 3

h (nm)
52 ± 3
55 ± 6
56 ± 4

λ (nm)
210 ± 10
156 ± 10
-

(b)

(c)

Figure 3.11: Cross-sectional HAADF images presenting the variation in Ni silicide NPs density in Si films
respectively from a-c. The images show that Ni silicide NPs are embedded in amorphous silicon (a-Si) thin
film.
3.5.2.1

Ni-silicide optical studies

(a)

(b)
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(c)

(d)

The model was also used to understand absorption behavior of amorphous Si (a-Si) thin films (~ 50 nm)
which were embedded with nickel disilicide (NiSi2 ) NPs. Various samples of a-Si thin films were synthesized by changing NP density inside the film (samples were made by our collaborators, as described in ref.
[115]). In Fig. 3.11, low magnification HAADF images of various samples, where NP density in the film is
increasing from Fig. 3.11 (a) to (c).
To calculate the εe f f for the a-Si + NPs layer, the experimentally determined quantities: (i) NP composition, (ii) NP size d, (iii) volume fractions fNP and fSi , (iv) average spacing (l) between NPs and (v)
total a-Si + NP film thickness h are used which are tabulated in Table 3.3. Here NS8-1 to NS8-3 are the
abbreviation given to three NiSi2 NP embedded Si thin film samples which are shown in Fig. 3.11(a) to (c)
respectively.
The theoretical optical absorption data generated by this approach was compared with the experimental
data as shown in Figure 3.12(a)–(d) for the pure a-Si and NS8(1–3) samples. As is evident, very good agreement was observed between theory and experiment, suggesting that by incorporating the microstructural
information correctly in the model, the optical response can accurately predicted for various systems.

3.6

Conclusion

In this chapter, various new techniques which were developed during the study of bimetallic NPs, were
discussed. This included a method to aid in TEM sample preparation, analysis of EELS data, and modeling
of optical behavior of multi-metallic NPs. The key results are summarized here:
1. A novel and simple technique to make NP arrays on flexible substrates as well as on TEM grids was
developed. The technique is based on making NP arrays by pulsed laser dewetting on C films on
mica substrate. The NP/C structure can subsequently be removed from the mica by immersing in
water, where the hydrophobic character of C enables the removal. This method is used extensively
in making TEM specimens for Ag, Au, Ag-Co and Au-Co NPs in order to study optical properties
simultaneously with analytical electron microscopic characterization. This method can be used to
make NP arrays of various materials and also has potential to make cost-effective and futuristic optoelectronic, chemical and bio-sensing devices.
2. 3D shape profiling of embedded nanostructures such as core-shell structures was achieved by using
core-loss EELS. With the help of the microscope related quantities, i.e. VOA current, convergence and
collection angles and EELS acquisition time, and the crystallographic information about the material,
the EELS counts are converted in order to measure thickness of embedded structures along the electron
beam direction.
3. A method was developed to quantitatively study low-loss EELS data to study surface plasmons excited
by electron beam. The low-loss EELS data was fitted with the necessary number of Lorentzians using
an non-linear square fitting method. By performing this fitting routine, important information such as
(i) SP peak position, (ii) bandwidth and (iii) area under the SP could be accurately determined.
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4. To understand the optical response of composite nanostructures such as multi-metal composite NP
arrays and composite thin films, an effective medium approximation model was developed. The
modeling results showed good agreement with experimentally measured optical data from a variety
of nanostructured systems.
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Chapter 4

Results
4.1

Summary

I would like to acknowledge upfront that the results shown in sections 4.2 were published in Ref. [116], in
which I contributed as a first author. In addition, when appropriate, some parts of the published work were
directly implemented here and reference to the original source was provided.
This chapter of the dissertation includes the results for (i) dewetting synthesis and microstructural characterization of the Ag-Co NP arrays (ii) optical response and LSPR behavior of the arrays, (iii) enhanced
oxidation resistance of Ag-Co NPs, and (iv) discovery of ferroplasmons, the visible wavelength surface
plasmon modes in ferromagnetic materials.
We present a route based on nanosecond pulsed laser dewetting and self-organization of ultrathin bilayer
metallic films to synthesize Ag-Co bimetallic NPs. The NP arrays show a narrow size distribution, with the
particle size controlled by the individual film thickness and their order of arrangement on the substrate.
From the microstructure and EELS study in STEM, it was observed that the NPs consist of phase separated
polycrystalline regions of pure Ag and Co. From the optical studies, it was observed that the Ag-Co NP
arrays show 10 times larger tunability of LSPR position compared to pure Ag NP arrays. Our collaborator
also utilized these samples in sensing measurements [117] and determined that the plasmon detection sensitivity of Ag-Co NPs towards external dielectric change is comparable to or better than to that of pure Ag
NPs [116].
Since the LSPR peak intensity decreases with oxidation of Ag, the plasmonic degradation of Ag remains
as one of the critical problem for Ag-based bio-sensing applications. In one of the key results, it was discovered that Ag-Co NPs show far better oxidation resistance towards environmental oxidation as compared
to pure Ag. From the LSPR measurements, we found that Ag-Co NPs exhibit a stable LSPR peak even after
its exposure to ambient air for 6 months, while LSPR for pure Ag NPs decayed significantly within a few
weeks.
The final result presented was the first known discovery of ferroplasmons (FP), i.e. strong visible and
ultraviolet wavelength plasmons in ferromagnetic Co NPs in contact with Ag NPs. This discovery was
completely unexpected since Co metal is generally known to have a highly damped ultraviolet (3.8 eV)
plasmon.
44

These various results open the door to design of new materials as well as new possibilities in explaining
plasmonic phenomenon, and may lead to radically new/improved functional materials for applications in
communication, computing, data storage, catalysis, imaging, and sensing, amongst others.

4.2

Synthesis of self-organized bimetallic nanoparticle arrays

The bimetallic Ag-Co NPs arrays were prepared by self-organization under pulsed laser melting of bilayer
films with varying combinations of thickness and arrangement of Ag and Co on SiO2 . In a manner conceptually similar to the dewetting of single layer metal films, the bilayer fims were exposed to multiple melting
cycles by laser pulses [65, 72, 81] under which the initially flat bilayer liquid film evolved by surface perturbations and eventually led to film rupture. Due to the large cooling rates under the nanosecond laser pulses,
various quenched-in morphologies could be selected, including bicontinuous or hole like structures during
early stages, or NPs by longer time irradiation [36, 118]. In this work we have exclusively focused on the
final NP state of the dewetted structure.

4.2.1

Nanoparticle size, structure, and composition

The average particle size of the arrays were analyzed by scanning electron microscopy (SEM). In Fig. 4.1(a),
the scanning electron micrograph of a typical NP array, synthesized from the dewetting of Co (5 nm)/Ag (5
nm)/SiO2 bilayer system is shown. In the inset, a fast Fourier transform (FFT) of the contrast in the image
is shown. The annular ring evident in the FFT was indicative of a spatial short range order in the nearestneighbor spacing between the NPs, consistent with the dewetting self-organizing process [36]. From such
SEM images, the average diameter and size distribution of the particles in an array was established. In the
Fig. 4.1(b), the particle size histogram for Fig. 4.1(a) is shown. The average NP diameter was 125 ± 20 nm
which is consistent with the definition of a narrow size distribution, as defined in colloidal chemistry in Ref.
[20].
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(a)

(b)

Figure 4.1: (a) A typical SEM micrograph showing arrangement of NPs following bilayer self-organization
from the Co(5 nm)/Ag(5 nm)/SiO2 bilayer. The FFT image in the inset shows the spacial short range ordering
between the NPs (b) The particle size histogram corresponding to SEM image in Fig. (a) showing the narrow
size distribution of particles achieved by this process. Figures are taken from Ref. [116].
The structure and composition of the individual NPs was analyzed using the transmission electron microscopy (TEM) along with the EELS measurements. A representative cross-sectional HAADF image of
a ~100 nm NP obtained from dewetting of Co (5 nm)/ Ag (5 nm) bilayer on SiO2 substrate is shown in
Fig. 4.2(a). As is evident, the NP contains several grains. The representative background subtracted EELS
spectra corresponding to different regions in Fig. 4.2(a) are shown in Fig. 4.2(b). EELS spectra show the
presence of (i) pure Ag, (ii) co-existence of Ag and Co and (iii) pure Co in different regions respectively.
The spectra showed a delayed Ag M4,5 edge at 394 eV and Co L3 edge at 779 eV. The spectrum from the
co-existence regions of Ag and Co [Fig. 4.2b-(ii)] showed no shift in Ag and Co edge energies with respect
to pure Ag and Co, respectively. This indicated that Ag and Co are clearly phase segregated within the NPs
and the mixed spectrum originated from overlapping of grains of Ag and Co along the electron beam path at
this location. Though the laser dewetting process is a highly non-equilibrium process, the NPs show phase
separated Ag and Co regions which is consistent with equilibrium phase diagram predictions as Fig. 1.1.1.
Fig. 4.2(c) and (d) show the elemental distribution of Ag and Co respectively, inside the particle, analyzed
by EELS near the M4,5 edge of Ag and L3 edge of Co. The contrast bars in Fig. 4.2(c) and (d) represent
the atomic % of Ag and Co at different regions (square blocks) of the NP. From this analysis, it is once
again clear that Ag and Co are spatially segregated within the NP. The EELS analysis confirmed negligible
presence of oxygen in Ag rich region.
To confirm the chemical composition of each particle in the array, SEM x-ray spatial maps (shown in
Ref. [88]) of Ag and Co were obtained for each NP prepared from films of various ratios. From these maps,
two important features were confirmed. Each NP in the map was found to consist of both Ag and Co, and
the ratio of Ag/Co for each individual particle could be estimated. In Fig. 4.3, the closed symbols represent
the value of this ratio averaged over approximately 30 particles for each composition. The y-axis error bar
represents one standard deviation from this average. The good agreement with the straight line of slope = 1
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(a)

(b)

(c)

(d)

Figure 4.2: (a) Cross-sectional HAADF image of a nearly hemispherical shaped Ag-Co NP made from the
Co(5 nm)/Ag(5 nm)/SiO2 bilayer showing contrast variation indicating polycrystallinity within the particle.
(b) Background subtracted EELS spectra at different regions of the NP in (b) showing delayed Ag M4,5
edge energy at 394eV and Co L3 edge energy at 779eV. (c) Ag and (d) Co EELS compositional maps of the
enclosed region shown in image (b), exhibiting the immiscibility of Co and Ag in each other. The step size
of compositional map is 5.9 nm x 5.9 nm. The contrast bar shows the variation of atom % of Ag and Co
individually in different locations of enclosed region of image (a). Figures are taken from Ref. [116].
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Figure 4.3: The average Co:Ag ratio in each NP from X-ray mapping (symbols) plotted against the Co:Ag
film thickness ratio. Figures are taken from Ref. [116].
indicates that, on average, each particle in the array has the same metal ratio as in the bilayer film thickness.
Consequently, we conclude that the behavior of NP diameter vs concentration was identical to NP diameter
vs film thickness ratio. This is a very useful result as it implies that the composition of a NP under dewetting
self-organization of the bilayer is directly controlled by the individual film thickness.

4.2.2

Experimental length scales of bimetallic nanoparticles

NP arrays on SiO2 substrate were made for various sets of thickness and composition combinations for
Ag/Co and Co/Ag arrangements. Based on SEM micrographs, average particle size were determined for
these combinations. Fig. 4.4 shows the variation of experimentally measured average particle size as a
function of varying top layer film thickness, while bottom film thickness is kept constant at 5 nm. Fig.
4.4(a) and (b) correspond to Ag/Co/SiO2 and Co/Ag/SiO2 configurations respectively. It can be observed
from the figure that the NP diameter dependence on the film thickness is different for the Ag/Co and Co/Ag
configurations. As observed in Fig. 4.4(a), there is an increase in particle diameter with increasing Ag (top
layer) thickness from 1 to 4 nm, and then it decreases with further increase in the film thickness and finally
stabilizes for the thickness range studied here. On the other hand, in the case of Co/Ag, the particle diameter
monotonically increase with increasing Co (top layer) thickness as shown in Fig. 4.4(b). The reason behind
this behavior in two cases is that the intermolecular forces are different for the two configurations and thus
leading to different particle size variation trends. The reasoning was explained earlier by H. Krishna et al.
[36] and will be discussed in length in Chapter 5.
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(a)

(b)

Figure 4.4: The experimentally measured particle diameter for the (a) Ag/Co/SiO2 and (b) Co/Ag/SiO2
bilayer systems. In each case, bottom film layer is kept constant at 5 nm, while top film layer is varied.
Figures are taken from Ref. [116].

4.3

Dependence of LSPR wavelength on Ag-Co nanoparticle size and composition

Noble metal NPs, such as of Ag or Au, show strong LSPR characteristics under optical irradiation. The
spectral position of the LSPR is of fundamental interest to applications related to plasmon-based sensing
and surface enhanced Raman scattering. Here, the absorbance as a function of wavelength (250 - 800 nm)
for NP arrays with different average particle diameter (75, 90 and 105 nm) was measured. The representative
optical spectra of average 90 nm NP arrays is shown in Fig. 4.5(a) for various Ag-Co compositions.
In the absorbance plots, a minima is observed at ∼325 nm wavelength, which corresponds to the characteristic response of Ag due to interband transitions. Another common feature is an inflection in all the
absorbance plots at ∼390 nm, which is attributed to the quadrupolar resonance effect within the bimetallic
NP. LSPR peaks (λLSPR ) for arrays with NP of 90 nm average diameter are observed at 440, 488 and 503
nm wavelengths for pure Ag, 82.3% Ag and 71.5% Ag respectively.
The LSPR study was done for Ag-Co NP arrays with varying size and composition. In Fig. 4.6(a), λLSPR
peaks are shown as a function of Ag concentration for different sized particles (75, 90 and 105 nm). As the
concentration of Ag decreased, the λLSPR showed increasing red-shift. Similarly, the λLSPR red-shifted with
increasing particle size for a fixed composition of the NPs, as shown in Fig. 4.6(b). The important conclusion
here is that Ag-Co bimetallic NPs show a large tunability in the position of the λLSPR (~200 nm), compared
to only about 20 nm for pure Ag particles of identical shape and size.

4.4

Response of bimetallic nanoparticles to ambient air

Stability of the plasmonic characteristics to environmental effects such as oxidation is an important criterion
in the selection of NPs for use in chemical and biological sensing. For such sensing applications, the
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Figure 4.5: LSPR position as a function of Ag-Co composition for NP arrays with similar average particle
size of ∼ 90 nm.
plasmon resonances have been singularly responsible for enabling the highly sensitive detection technique
based on SPR or LSPR shifts, in which a dielectric change in the vicinity of the plasmon, for instance due
to the attachment of chemicals, results in a measurable shift in the wavelength. More importantly, local
field enhancement near a metal NP at the plasmon resonance has been directly attributed to the reason why
enhancements in Raman scattering signals on the order of ∼ 1010 can be achieved [2], and is central to the
success of the chemical identification technique called SERS (Surface Enhanced Raman Scattering) [3, 4, 5].
In this study, the various NP arrays were exposed to ambient air environment for various time intervals
and the plasmonic behavior as well as microstructure was investigated.

4.4.1

Plasmonic behavior

The optical changes to the Ag and Ag-Co NP array samples were evaluated following storage at room
temperature (RT) for long times (days) in ambient laboratory environment. In Fig. 4.7(a) the experimentally
measured optical absorbance from a freshly prepared (0 days) Ag NP array is compared to ones taken after
30, 120 and 173 days storage at RT. The primary feature in the absorbance is the peak at ~467 nm, which
corresponds to the LSPR [119]. Following the 30, 120 and then 173 days storage, the LSPR absorption
has decreased considerably in intensity. In Fig. 4.7(b), the absorbance from a freshly prepared (0 days)
Ag-Co NP array is compared to ones after 35, 150, 216 and 237 days at RT. Here, the change in the optical
absorbance with time is very minimal compared to that shown by the Ag in Fig. 4.7(a), which points to an
enhanced optical/plasmonic stability of Ag-Co NPs over long term storage.
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(a)

(b)

Figure 4.6: (a) Variation of experimental LSPR positions as a function of % Ag in NP arrays for different
average particle sizes. (b) Variation of experimental LSPR positions as a function of particle diameter for
different Ag %.

4.4.2

Microstructure analysis

In this study, we investigated changes to Ag-Co NPs of ~85 nm diameter synthesized from Co(1 nm)/Ag(5
nm) thin films on SiO2 substrate. These samples were compared against pure Ag NPs (~60 nm diameter)
synthesized from 5 nm thick Ag film, and thus keeping the same overall concentration of Ag between the
two cases.
In Fig. 4.8(a), a scanning electron microscopy (SEM) plan-view image of a typical array of freshly
synthesized Ag NPs on the quartz substrate is shown. The size histogram corresponding to Fig. 4.8(a) is
shown in Fig. 4.8(b). The array is a result of spinodal dewetting of the Ag film on the substrate fostered by
melting under nanosecond laser pulses [74, 89]. In Fig. 4.9(a) a cross-sectional HAADF image (top figure)
of a single particle from one such Ag NP array is shown. The imaging in TEM was performed within one
day of synthesis of the sample. The shape of the particle is generally close to a hemisphere and has a well
defined surface in contact with the ambient. EELS analysis in TEM was also performed for the NP within
the region marked (top figure) and the oxygen (O) content is shown (lower figure) based on O-K ionization
edge (532 eV). This EELS analysis indicated a general absence of oxygen in/on the particle. O content in
any location within the analyzed region was normalized with respect to the counts of O measured in the
SiO2 substrate, where amount of O is well known. The NP shape and absence of oxygen on it was typical of
many particles in the array and could be considered as the general property of the freshly prepared Ag NP
array.
In Fig. 4.9(b), a cross-sectional HAADF image (top figure) from a single particle from Ag NP array is
shown which was stored in indoor air for 50 days at RT. In contrast to the freshly prepared particle in Fig.
4.9(a), this particle has a very diffuse surface, probably due to the oxidation of Ag. To confirm this, TEM
EELS analysis was performed to ascertain the presence of various commonly known elements associated
with the corrosion of Ag (sulphur, chlorine, and oxygen) [8]. In the analysis, there was no detectable S or
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(a)

(b)

Figure 4.7: (a) Optical absorbance from array of Ag NPs shortly after their synthesis and following 173
days of storage in ambient. (b) Optical absorbance from array of Ag-Co NPs shortly after their synthesis
and following 237 days of storage.

(a)

(b)

Figure 4.8: (a) A typical SEM micrograph showing array of Ag NPs following pulsed laser dewetting of a 5
nm Ag film on SiO2 . (b) The size histogram of (a).
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(a)

(b)

Figure 4.9: (a) Top panel shows a TEM image of a Ag NP on the SiO2 surface 1 day after preparation.
The bottom panel shows the TEM-EELS map of oxygen (O) in the region marked by the dashed line. (b)
Top panel shows a TEM HAADF image of a Ag NP on the SiO2 surface after 50 days of storage in indoor
ambient. The bottom panel shows the TEM-EELS map of oxygen (O) in the region marked by the dashed
line.
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(a)

(b)

Figure 4.10: (a) A typical SEM micrograph showing an array of Ag-Co NPs following pulsed laser dewetting
self-organization from bilayer films of Co/Ag on quartz. (b) The size histogram corresponding to (a).
Cl present. However, we found that there was a significant amount of O present on the 50 day NP, as shown
in the EELS map [Fig. 4.9(b), lower figure]. Again, like in the O map of Fig. 4.9(a), the amount of O in
various regions was normalized with respect to its amount in SiO2 . The EELS result established that there
was significant amount of oxidation occurring on the Ag NPs over time. The change from a sharp to diffuse
shape and the presence of oxygen was typical of many NPs and therefore, was generalized as the primary
consequence of long time storage in air for the Ag NPs.
In Fig. 4.10(a), an SEM image of a typical array of Ag-Co NPs synthesized on the quartz substrate by
spinodal dewetting is shown, along with its size histogram in the Fig. 4.10(b). In Fig. 4.11(a), the crosssectional HAADF image (top figure) of a NP from one such Ag-Co NP array following storage for 50 days
in air at RT is shown. EELS analysis was performed to investigate the elemental distribution in the NP. In
Fig. 4.11(b), the elemental maps of Ag (top figure) and Co (lower figure) are shown based on Ag M4,5 and
Co L3 ionization edges, respectively. It is evident from the figure that the Ag and Co occupy distinct regions
in the particle. Also, despite a large fraction of the Ag surface being in direct contact with the ambient
air, it had still retained a well-defined unreacted surface. The oxidation/corrosion behavior was investigated
in a manner analogous to the pure Ag NPs, presented in Fig. 4.11(a-b), by performing EELS. For direct
comparison with the pure Ag, the oxygen map in these Ag-Co NPs is shown in Fig. 4.11(a, lower figure).
We found that there was no detectable presence of O in the Ag region. However the Co regions did show
some presence of O. Again, this result was consistently observed in several NPs. Therefore, the general
behavior of the Ag-Co NP array was that the Ag region remained oxidation-free even after being exposed to
ambient environment for several days. We attribute this oxidation-resistance to a cathodic protection due to
galvanic coupling which will be discussed in Chapter 5 (Discussions) in detail.
To identify the valence state of the oxidized Co, white lines of Co-L ionization edge and near-edge
structures of O-K ionization edge were analyzed. From the Co-L ionization edge analysis, L3/L2 ratio
which is a signature of the oxidation state of element, was found to be 4.7± 0.2 averaged over the oxidized
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(a)

(b)

Figure 4.11: (a) Top panel shows a TEM image of a Ag-Co NP on the SiO2 surface following 50 days of
storage under ambient conditions. The bottom panel shows the TEM-EELS map of oxygen (O) for the box
marked by the dashed line. (b) TEM-EELS maps of Ag and Co for the particle shown in Fig. (a).
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Figure 4.12: Co-L ionization edge from cobalt oxide region with an onset at ~783 eV. The L3/L2 ratio is
4.7± 0.2 which is consistent with the its value for Co+2 in literature.
Co regions. This ratio is within limits of the literature value for Co+2 reported by [120] indicating that the
oxidized Co is in the +2 state. In contrast, the L3/L2 ratio for Co3+ is 2.42 [120]. An ionization edge of
oxidized Co is shown in Fig. 4.12.

4.5

Ferroplasmons: Surface plasmon in ferromagnetic materials

In Sec. 4.3 and Sec. 4.4, we discussed LSPR results from measurements by far-field broadband optical spectroscopy. There are other near-field spectroscopy techniques such as near-field scanning optical microscopy
(NSOM) to study more locally spatially resolved optical excitations in NPs using Ultraviolet-Visible (UVVis) light. Apart from optical excitation, plasmons can also be investigated using electron beams [121].
STEM equipped with an EEL spectrometer and monochromator is a powerful tool to excite and study
surface plasmons in NPs with a high spatial (< 1 nm) and energy (~0.15 eV) resolution. Furthermore,
incident electrons can excite all plasmon modes (bright and dark modes [122]) in the NPs because of its
characteristic dispersion relation [95]. We utilized this high resolution capability to investigate the plasmons
in the Ag-Co system and compared it to pure Ag and Co. Specifically, we investigated the behavior in
horizontally-stacked or dumbbell type NPs in which Ag and Co were in contact with each other, as shown
in Fig. 4.14. The outcome of this study was the discovery of ferroplasmons, i.e. localized surface plasmons
within the magnetic Co particles in contact with Ag.

4.5.1

Sample preparation

In this study, NPs were made by first depositing Ag and Co thin films as bilayers on carbon substrate,
followed by laser irradiation. The detailed process of preparing TEM samples is explained in Chapter 3,
using carbon float-off technique. By this method, hemispherical dumbbell shaped Ag-Co NPs are prepared
and utilized for the EELS plasmon study. The source used for Co thin film deposition and to subsequently

56

(a)

(b)

Figure 4.13: Low-loss EELS spectra for pure (a) Ag and (b) Co NPs. The positions where the spectra are
taken from are marked by the open square on the respective TEM images shown in the inset.
make NPs contained 8% Fe, as confirmed by EELS analysis of deposited films and NPs. Therefore, in this
section, any reference to Co NPs should be interpreted as Co-Fe alloy NPs. Additionally, there was no
evidence for any Fe in the Ag regions.

4.5.2

Plasmon behavior in pure Ag and Co

The plasmon behavior of isolated pure Ag and Co NPs are distinctly different, both in terms of energy and
bandwidth (sharpness). Ag NPs are well-known plasmonic materials which show quite sharp LSPR in the
visible spectrum. On the other hand, Co NPs show extremely broad plasmonic peak in ultraviolet range. In
Fig. 4.13, we show energy-loss spectra of pure Ag and Co NPs in the range of 1 to 30 eV, exhibiting the
plasmonic behavior of hemispherical NPs. Fig. 4.13(a) demonstrates an energy-loss spectrum of Ag from
the region marked by the open square on the Ag NP shown in the inset. It is important to mention here that
the pure Ag NP shown in the inset is on the carbon substrate. In Fig. 4.13(b), the energy-loss spectrum of
pure Co NP is demonstrated corresponding to the region marked by the open square on the Co NP shown in
the inset. This spectrum shows no sharp plasmonic peak in visible range (1.65 - 3.54 eV) unlike the Ag NP.

4.5.3

Horizontally stacked Ag-Co nanoparticle

For the surface plasmon analysis in Ag-Co bimetallic NPs, we synthesized NPs which were termed as horizontally stacked because the phase separated regions of Ag and Co were both in contact with the substrate
as well as with each other. A representative z-contrast image of a horizontally stacked Ag-Co bimetallic NP
is shown in Fig. 4.14. In the NP, Ag and Co are in phase separated regions. The brighter region in the NP
is pure Ag and the darker region is Co-Fe which is also confirmed by core-loss EELS analysis. Core-loss
EELS analysis shows that the ratio of Co and Fe is uniform in the Co region. As another observation, a
relatively brighter region at the interface of Ag and Co towards Co side is seen. It was found from EELS
elemental quantification, that amount of C in this region is increased by 1.8 times compared to other regions.
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Figure 4.14: A representative horizontally stacked Ag-Co bimetallic NP.
From the quantitative analysis of electron-loss near-edge structure (ELNES) of Co (L3 and L2 at 779 and 794
eV respectively) and Fe (L3 and L2 at 708 and 721 eV respectively), it was determined that L3/L2 ratio of
Co in this region is unchanged while that of Fe is changed drastically which implies the formation of iron
carbide.

4.5.4

Ferroplasmon in Ag-Co nanoparticles

After identifying elemental distribution in various regions of the NP by core-loss EELS, spectrum imaging
was performed using low-loss EELS to obtain surface plasmon (SP) information. In Fig. 4.15, low-loss
EELS spectra obtained from the various regions marked on the NP (right side) are shown, with # 1-3 from
the Ag side, # 4 at the Ag/Co interface, and # 5 to 8 from the Co side. The particle shown in the figure
is partially hanging in vacuum, which made it helpful in understanding the surface plasmon behavior in
vacuum and without any influence of the underlying carbon substrate. Upon going from the Ag to Co
region, it is evident from the spectra that there is a SP peak at ~2.5 eV that exists throughout the Co region.
This is an unusual finding and a new discovery, because ferromagnetic metals such as Co and Fe are not
expected to show such sharp plasmon peak in the visible range. This result motivated us to perform a more
quantitative analysis of the low-loss spectra of the Ag-Co NP, especially at the Co/vacuum interface so as
to extract information such as accurate plasmon position, bandwidth and intensity. This analysis was done
using the low-loss quantitative analysis method discussed in Chapter 3, where various Lorentzians were
fitted to the spectra up to energies of 30 eV so as to extract quantitative information regarding different
excited plasmon modes.
Fig. 4.16 demonstrates the detailed analysis of surface plasmon behavior in Ag-Co NP. This result shows
the experimental and the fitted EELS spectra between 2 to 11 eV, along with the various fitted plasmons
(Lorentzian profile). For each case, the experimental spectra is shown by the solid curve, theory fit is the
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(a)

(b)

Figure 4.15: As acquired energy-loss spectra corresponding to different positions shown in the z-contrast
image of Ag-Co NP. The spectra show plasmon peaks in Ag as well as Co region.
dotted curve, while the Lorentzian fits for the theory are dashed curves. In Fig. 4.16(a), the EELS spectra
are shown from the surfaces of Co (top panel) and Ag (bottom panel) of the Ag-Co NP (inset). In the Co
(top panel), a peak at 2.5 eV with a band width of 1.7 eV is seen which corresponds to the ferroplasmon.
Another peak at 6.4 eV is also observed in the spectrum which is in ultra-violet range. EELS spectra from
the Ag side (bottom panel) of the Ag-Co NP show a peak at 2.5 eV with a width of 1.7 eV, 3.4 eV with
a width of 0.6 eV and 6.3 eV with 4 eV width. In Fig. 4.16(b), the top panel shows a weak and very
broad peak at 3.8 eV evident in Co which is consistent with pure Co or CoFe dielectric function behavior.
Fig. 4.16(b-bottom panel) demonstrates EELS spectra from pure Ag particle where peaks are evident at
3.0 and 3.5 eV, consistent with pure Ag’s dielectric properties. This result shows that though Ag plasmon
behavior in Ag-Co remains similar to one in pure Ag, Co shows a new and distinct visible surface plasmon
i.e. Ferroplasmon, which is very different from the pure Co behavior.
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(a) Plasmons in Ag-Co

(b) Plasmons in Co (top) and Pure Ag (bottom)

Figure 4.16: Ferroplasmon in the Ag-Co NP. (a-top panel) Experimental EELS spectra from the Co side of
a Ag-Co NP. The location on the particle from which the spectra is taken is shown in the inset TEM image.
The large peak at 2.4 eV corresponds to the ferroplasmon is shown. (a-bottom panel) EELS spectra from the
Ag side of the Ag-Co NP (position on the particle is shown in the inset TEM image). The peak at 2.5 eV is
similar to the FP while another plasmon exists at 3.4 eV. (b-top panel) EELS spectra from a pure Co particle
(position on the particle is shown in the inset TEM image). A weak plasmon (and broad) is evident at 3.8 eV,
consistent with pure Co dielectric properties. (b-bottom panel) EELS spectra from pure Ag particle (position
on the particle is shown in the inset TEM image). Peaks are evident at 3.0 and 3.5 eV, consistent with pure
Ag’s dielectric properties. For each case, the experimental spectra is shown by the solid curve, theory fit is
the dotted curve, while the Lorentzian fits for the theory are dashed curves.
The quantitative details of the visible wavelength ferroplasmon, such as plasmon position, bandwidth
and area are shown in Fig. 4.17. The top panel in Fig. 4.17 shows a Z-contrast image of the horizontallystacked bimetallic NP (same as in Fig. 4.16), exhibiting the interface between the contacted Ag and Co
regions. Information for visible ferroplasmon is extracted along the line shown in the NP image by red
color. The EELS spectra were taken with 5.7 nm step size and exposure time of 0.1 sec. The variation
of visible ferroplasmon position (which is around 2.5 eV) as a function of distance along the red line is
shown on top of the NP by the yellow curve. It shows that the ferroplasmon position does not change
significantly while going through the particle. In the bottom panel, the plasmon bandwidth (blue curve) and
intensity (red curve) corresponding to the visible ferroplasmon at each position along the red line (top panel)
is shown. This result emphasizes that the width and intensity of ferroplasmon in Co side is similar to the
those on the Ag side and thus supports the observation of strong surface plasmon in the Co ferromagnetic
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Figure 4.17: Quantitative details of the ferroplasmon in the Ag-Co system. (top panel) Z-contrast image
of the horizontally-stacked bimetallic NP showing the interface between the contacted Ag and Co regions.
Visible ferroplasmon related information is taken by a line scan along the red line shown in the TEM image.
The variation of visible ferroplasmon position (which is around 2.5 eV) as a function of distance along the
red line is shown on top of NP by yellow curve. (bottom panel) The plasmon bandwidth (blue curve) and
intensity (red curve) as a function of distance along the red line shown in top panel. This shows that the
ferroplasmon in Co has similar narrow width and intensity as that on the Ag side. The plasmon intensity
increases and band width decreases at the surfaces of the NP on both sides (Ag and Co).
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Figure 4.18: Energy position of various ferroplasmons taken along the surface of Ag-Co bimetallic particle
shown by the yellow line in the Z-contrast image of the particle in the bottom panel. It is evident from the
figure that ferroplasmon SP-1 and SP-3 are present throughout the surface of the NP, whereas SP-2 which
is ~3.4 eV, is excited only on the Ag region.
material. Another important observation was that the plasmon intensity increases and bandwidth decreases
at the metal/vacuum interface of the NP on both sides (Ag and Co). In other words, plasmons are sharper
and stronger on the surface of NP. This is expected because when we scan through the bulk of the NP,
electron energy-loss from bulk plasmons also contribute to the overall signal, thus suppressing the signal of
the surface plasmons.
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Table 4.1: Experimentally measured surface plasmon energy modes and standard deviation in measurement
for (a) Ag-Co bimetallic NP and (b) pure Ag and Co NP. The measurements were done on the surface of
Ag-Co NP shown in Fig. 4.18 and on pure Ag and Co NPs which are shown in Fig. 4.13.
(a)

Bimetallic Ag-Co NP
Ag region
Co Region
Emax (eV)
∆EP (eV)
Emax (eV)
∆EP (eV)
2.50 ± 0.07 1.2 ± 0.1 2.60 ± 0.03 1.53 ± 0.07
3.42 ± 0.08 0.6 ± 0.04
5.0 ± 0.1
2.0 ± 0.3
5.6 ± 0.1
3.1 ± 0.1
7.2 ± 0.3
4.3 ± 0.3
8.1 ± 0.2
5.4 ± 0.4
(b)

Pure Ag NP
Emax (eV)
∆EP (eV)
3.0 ± 0.08
1.1 ± 0.1
3.48 ± 0.07 0.4 ± 0.05
5.9 ± 0.1
4.7 ± 0.3

Pure Co NP
Emax (eV) ∆EP (eV)
3.9 ± 0.2 5.8 ± 0.4

Fig. 4.18 demonstrates the energy position of various plasmons in the Ag-Co NP measured along the
surface of the particle. The plot (top panel) shows the variation in energy of different plasmons along the
surface, denoted by a yellow curved line in the bottom Z-contrast TEM image. The center position is also
indicated in the plot, which is the Ag-Co interface position. Plasmon modes are denoted in the figure by
SP-1, SP-2, SP-3 and SP-4. It is seen that ferroplasmon in the visible range, SP-1, is activated throughout
the NP surface. Whereas SP-2 plasmon is excited just in Ag region and it decays rapidly upon entering into
the Co side of the NP. This plasmon is considered to be an effect of multipolar interactions in Ag, unlike
other plasmon modes which are due to dipolar interactions. There are other energy modes which are excited
in Ag and Co region, presented as SP-3 and SP-4 in the figure. They show quite different energies in Ag
and Co region and thus considered as individual plasmon modes in each metal . In Table 4.1, we catalog the
energy positions of various plasmon modes generated on surface of NP and also show the standard deviation
in energy position along the surface. Such a small standard deviation in the plasmon energy measurements
shows that the excited plasmon energies and their characteristics can be quite accurately measured.

4.5.5

Bulk plasmon behavior in Ag-Co nanoparticle

In addition to the surface plasmon study, investigations of the bulk plasmon (BP) behavior of Ag-Co NPs
is also potentially interesting and could help facilitate the understanding of the origin of surface plasmon
excitation in Co. Fig. 4.19 show the bulk plasmon behavior of Ag and Co in Ag-Co NP in comparison with
the ones of pure Ag and Co. Fig. 4.19(a) shows that the bulk plasmon behavior of Ag remains unchanged
in Ag-Co bimetallic system. The bulk plasmon energy of Ag is 25.6 eV [123] as measured by fitting
Lorentzians. On the other hand, the Co bulk plasmon becomes sharper in the Ag-Co NP as compared to the
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(a)

(b)

Figure 4.19: (a) Energy-loss spectra from the bulk region of pure Ag and Ag of Ag-Co NP. Spectra show that
there is no change in bulk plasmon energy of Ag in bimetallic NP system. (b) Energy-loss spectra showing
bulk plasmon of Co which is taken from bulk of pure Co NP and Co region of Ag-Co NP. This shows that
bulk plasmon becomes sharper in Ag-Co NPs.
pure case. In addition to that, there is a shift of ~3 eV in the bulk plasmon. As shown here, bulk plasmon in
pure Co NPs exist at 25 eV with a band width of 18 eV which changes to 22.5 eV with a band width of 12.5
eV in the Ag-Co case.

4.6

Acknowledgement

I want to acknowledge that the results shown in sections 4.2 are published in Ref. [116], in which my
contribution is as a first author of the published work. I also want to thank Jing-xuan Ge for analyzing the
low-loss EELS data.
Also, I want to acknowledge the contribution of N. Shirato in generating Fig. 4.3 shown in Sec. 4.2.

64

Chapter 5

Discussion
5.1

Summary

This chapter of the dissertation presents the analysis and discussion of the various results detailed in Chapter
4. The content includes, (i) the theoretical parameter space of size and composition of bimetallic nanoparticles (NPs) which can be achieved by bilayer self-organization process, (ii) the composition and size dependence of localized surface plasmon behavior of Ag-Co NPs, (iii) explanation of optical stability based on
galvanic coupling of Ag and Co in a NP, (iv) the correlation between near- nad far-field spectroscopy, and
(v) origin of ferroplasmons.
I would also like to acknowledge here that several figures and discussions are taken from references
[119, 116, 124] in which I contributed either as the first author or as a co-author.

5.2

Self-organization of bimetallic Ag-Co nanoparticle

As shown in the Chapter 4, bimetallic NP arrays on SiO2 substrate were synthesized by laser induced bilayer
self-organization process. The NPs were made of different compositions and diameter based on the ratio,
thickness and layer arrangement combinations, as was shown in Fig. 4.3 and Fig. 4.4. The results showed
that the composition of bimetallic NPs could be adjusted by the ratio of bilayer film thicknesses. It was also
shown that length scales such as average diameter of NPs, varied as a function of top film thickness. Here,
we further discuss the results by comparing experiments with the existing theoretical model of bilayer selforganization [36] and develop a theoretical parameter space within which composition and diameter can be
independently controlled. The theory calculation of the length scales was performed by a collaborator.

5.2.1

Theoretical length scale determination

Previous work on bilayer dewetting self-organization was primarily focused on the length scales of patterns
formed in polymer or metallic systems [36, 92]. In our metal bilayer work [116], it was shown theoretically
that the characteristic self-organized length scale Λ, which described the inter-particle spacing, is a function
of the material parameters and the individual film thickness [36]. Specifically, with respect to Fig. 5.1, the
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Figure 5.1: Geometry of the initial bilayer film comprising of metal films of thickness h1 and h2 . Selforganization with a characteristic deformation wavelength of Λ leads to the formation of NPs of diameter
D and contact angle θ . Figure taken from Ref. [116].
length scale depended on two sets of quantities. One is the intrinsic materials parameter set, which consisted
of the interfacial tensions γ2 , γ12 , the viscosities of the two liquids η1 and η2 , and the Hamaker coefficients
characterizing the intermolecular interactions between each pair of interfaces, i.e. vacuum-substrate (Avs ),
vacuum-middle (Av2 ), and middle-substrate (A2s ). The other was the experimentally controllable external
parameters, which included the individual film thickness of the bilayers, h1 and h2 , and their order of arrangement, o, on the substrate (e.g. Ag/Co vs Co/Ag). Consequently, the length scale could be expressed as
a function of these variables as Λ = f (γ, A, h, o).
We have estimated the dewetting length scale Λ of the bilayer system as a function of the experimentally
controllable parameters o and hi . Once Λ is known, volume conservation arguments could be used to
estimate the theoretical particle diameter, D [65]. As shown in Fig. 5.1, the volume of an individual particle
corresponds to the volume of a disc of diameter Λ and thickness h1 + h2 . For a particle with spherical shape
and contact angle angle θ lying on a substrate, its volume can be expressed as

f (θ )D3
8 ,

where f (θ ) is the

geometrical factor related to the contact angle the particle makes with the surface. The final diameter was
obtained as:
D=[

5.2.2

2πΛ2 (h1 + h2 ) 1/3
]
f (θ )

(5.1)

Comparison of theoretical and experimental particle diameter

In Fig. 5.2, the experimentally measured diameter (symbols) is compared to the range of theoretical predictions (lines) for the Ag/Co [ 5.2(a)] and Co/Ag [5.2(b)] bilayer systems respectively, as a function of the top
layer film thickness h1 ; the bottom layer is kept fixed at 5 nm. The two lines correspond to the theoretical
predictions based on the two different approaches to calculate the Hamaker coefficients [125, 126, 102, 127].
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(a)

(b)

Figure 5.2: Comparison of the experimentally measured diameter (symbols) versus the theory predictions
(lines) for the (a) Ag/Co/SiO2 and (b) Co/Ag/SiO2 bilayer systems. The two theory lines correspond to the
bounds of theoretical Hamaker coefficient values [36]. Figure taken from Ref. [116].
The A0 s can be calculated from either (i) summation of the frequency-dependent dielectric function of each
of the layers [128], or from (ii) the various surface and interfacial energies [92]. As a result, the A values can
range between 10−19 to 10−18 J. In Fig. 5.2(a and b), we have estimated the theory predictions by utilizing
these two values of A. The two sets of data are for fixed bottom layer (h2 ) thickness of 5 nm and varying top
layer thickness (∼ 1 to 10 nm) for the two cases. The theoretical contact angle, necessary to determine f (θ ),
was estimated from the contact angles for pure silver (θAg ) and pure Co (θCo ) and their volume fractions,
using θ = vAg θAg + vCo θCo , where θAg = 820 , θCo = 1020 [74], vCo =
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hCo
hAg +hCo

and vAg =

hAg
hAg +hCo .

5.2.3

Achievable parameter space for independent size and composition control

(a)

(b)

Figure 5.3: (a) The calculated variation of particle diameter as a function of total thickness of original
bilayer films for Ag/Co/SiO2 . Each curve corresponds to the case of a different Ag concentration in the
resulting NP. (b) Similar information as (a) but for the Co/Ag/SiO2 system. The figures show that for a given
concentration, particles with large variation in size can be independently achieved. Figure taken from Ref.
[116].
As evident from Figs. 5.2(a) and (b), there is good agreement between the experimental data and theoretical
predictions. The significantly different behavior for the two bilayer arrangements is a direct consequence
of the difference in intermolecular dispersion forces for the two configurations [36]. Such good agreement
allowed us to extend the theoretical calculations for D beyond the limited experimental data, as shown in
Figs. 5.3(a) and (b).
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Figure 5.4: The parameter space corresponding to independent control of NP diameter and composition that
can be achieved by bilayer self-organization. The shaded area was generated by theoretical calculations for
a range of Ag/Co and Co/Ag film thickness ratios, with total bilayer thickness ranging between 2 to 20 nm.
Figure taken from Ref. [116].
The theoretical calculations for D were done for various combinations of film thickness for the Ag/Co
[Fig. 5.3(a)] and Co/Ag [Fig. 5.4(b)] bilayer systems. These plots show that for a given volume composition,
the NP size can be different, depending on the thickness of the thin film layers. In addition, the range of
achievable particle size can be extended by changing the order of Ag-Co film arrangement. To emphasize
this point further, the theoretical diameter range accessible over the whole composition range shown in Fig.
5.3(a) and (b), is combined together and described as the parameter space as shown in Fig. 5.4(c). This
figure emphasizes that the diameter for the bimetallic NPs for a given composition can be varied by up to
one order of magnitude over a large fraction of the composition axis, suggesting that this technique can
independently control chemical composition and size of the NPs over a wide range.

5.3

Localized surface plasmon resonance (LSPR) behavior of bimetallic nanoparticles

In Chapter 4, section 4.3, we discussed experimentally measured LSPR wavelength position (λLSPR ) results
for Ag-Co NPs of various size and compositions. The results showed that as concentration of Ag is decreased
in bimetallic NPs, λLSPR red-shifts. Similarly, the λLSPR red-shifted with increasing particle size for a fixed
composition of the NPs, as shown in Fig. 4.6. This red-shift in λLSPR is different for different size and
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(a)

(b)

Figure 5.5: Comparison of experimental LSPR positions (symbols) with theory predictions (lines) as a
function of % Ag in NP arrays for the different average particle sizes. (c) Comparison of experimental
LSPR positions (symbols) with theory predictions (lines) as a function of NP size for the various particle
composition based on modeling results [108]. Figure taken from Ref. [116].
composition Ag-Co NPs. This is a key result, as Ag-Co bimetallic NPs show a larger tunability in the
position of λLSPR (~200 nm) compare to only ~20 nm for pure Ag NPs of identical shape and size.
To understand the LSPR shift with composition and size of NPs, we have utilized an effective medium
approach [108, 109] to calculate the theoretical optical-plasmonic response of these bimetallic NP arrays.
The elaborated version of the model which is used in predicting optical behavior of Ag-Co bimetallic NPs
is discussed in Chapter 3. When the diameter D of a NP is less than the wavelength λ of light, such as in
the present work, the optical response can be expressed as coming from a homogeneous medium with an
effective dielectric function εe f f . Using the Maxwell-Garnett (MG) approach, the εNP for a NP made by
grains of material 1 embedded randomly in a medium of type 2 can be expressed as:
εNP = ε2 +

3 f ε2 (ε1 − ε2 )
ε1 + 2ε2 − f (ε1 − ε2 )

(5.2)

where ε1 and ε2 are the complex dielectric permittivities of material 1 and 2 (here Ag and Co), and f is
the volume fraction of material 1 in 2. Then, the optical response of the NP array is modeled as a layer
of thickness D/2 made from the hemispherical particles of average diameter D consisting of grains of Co
and Ag, and embedded in a host medium of effective dielectric function εhost , which is made from air
and SiO2 [119] [Fig. 5.1(a)]. The effective dielectric function of the host medium is given by εhost =
εSiO2 σ + (1 − σ )εair , where the subscripts refer to the dielectric of the substrate and surrounding materials,
and σ is the fraction of the NP area in contact with the substrate. For the case of hemispherical particles, σ
is 0.33. In the final step, the MG mixing model of Eq. 5.2 was applied self-consistently to obtain the final
dielectric function with εNP and εhost replacing ε1 and ε2 in Eq. 5.2 and the volume fraction of particles given
by f =

2π D 2
3 ( 2Λ ) .

From these calculations, the theoretical optical transmission data was generated, as in ref.

[119], and the location of the LSPR was obtained from the minimum in the transmission plot. The grain
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size within the NPs were assumed to be 5 - 10 nm, which is not far off from the experimental observations.
However, it was found theoretically that the size of the individual grains of the two metals did not have a
strong influence on the overall LSPR position. In Fig. 5.5(a,b), the theoretically estimated LSPR position
(lines) from this model is compared to the experimental data (symbols). Excellent agreement is seen with
experiment, including prediction of the different magnitudes of the red shifts for the different sized particles.
This result suggested that the observation of Fig. 5.5(a-b) is a direct result of the size, shape, composition,
and spacing of the NPs, which are the only experimental parameters in the model.

5.4

Optical stability of Ag-Co nanoparticles in ambient air

Optical stability is a critical issue in Ag NPs for plasmonics based applications. The optical signal as well as
LSPR peak intensity degrade over time due to oxidation of Ag. Therefore, we studied the change in optical
behavior of pure Ag and Ag-Co NPs stored in ambient laboratory environment for long time (days), the
results of which were shown in Chapter 4 section 4.4. Optical spectra showed that Ag-Co NPs exhibit far
better stability over time even after storing for 237 days. From the TEM results of pure Ag and Ag-Co NPs
shown in Fig. 4.9 and 4.11 of Chapter 4, we arrived at the following major conclusions. First, the surface
of the pure Ag particle becomes more diffuse following storage in indoor air. Second, the only significant
chemical change to pure Ag was the formation of an oxide, which we attribute to Ag2 O [11], since it is the
most stable oxide in the temperature range investigated here. Third, the Ag in the Ag-Co NP system did not
show any sign of degradation to its surface or chemistry. Based on this, we provide a mechanism for the
ambient oxidation-resistance of Ag-Co.

(a)

(b)

Figure 5.6: HAADF image (top panel) and TEM-EELS elemental map of oxygen (bottom panel) corresponding to (a) Ag and (b) Ag-Co NP stored for 50 days in indoor ambiance.
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Figure 5.7: Schematic figure illustrating the concept of a galvanic couple formed by the contact of Ag and
Co in the AgCo NPs. Hydroxide formation on the Co surface (ACo ) is associated with electron injection
from Co into Ag across the common interface (Aint ) which suppresses Ag oxidation leading to ultrastable
plasmonic behavior. Figure taken from Ref. [124]..

5.4.1

Galvanic coupling between Ag and Co

The experimentally observed decay in the LSPR absorption intensity shown by the Ag NPs stored at RT
[4.7(a)] is consistent with the formation of an oxide on the particles [9, 10]. On the other hand, the change
in LSPR absorption intensity of the Ag-Co NP arrays is comparatively very small over a similar storage time
[4.7(b)]. Based on the TEM-EELS results shown in Fig. 5.6(a) and (b), we believe that the very minimal
changes that are evident in Ag-Co are due to the oxidation of the Co (that is in contact with Ag) instead of
Ag, and therefore, within a optical or plasmonic homogenization framework [108, 129], will influence the
overall optical response.
To explain the experimentally observed oxidation resistance of the Ag in contact with the Ag-Co, we
hypothesize that cathodic protection due to galvanic coupling is in effect, as schematized in Fig. 5.7. This
phenomenon is likely analogous to that achieved by utilizing sacrificial anodes to stabilize bulk structures,
such as bridges, underground pipelines, and hot water tanks.[130] In order for the system to be a galvanic
couple, two conditions must be satisfied. One is that an electrical connection must exist between the two
metals, which, with reference to Fig. 5.7, is achieved by the contact of Ag and Co in the NP. A second is the
presence of a medium for transport of the charged species. For this latter case, we suggest that the surface
of the NPs, on which a water layer can be adsorbed [Fig. 5.7] from the humidity present in air, plays the
role of the transport medium.
Based on the standard electromotive force (emf) series[131], one can note that Co is significantly more
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Figure 5.8: Experimental measurement of the plasmonic degradation measured by the normalized inverse
FWHM of the LSPR peak of NP arrays. Ag-Co NPs (open symbols, dashed line) shows significantly more
stable behavior then pure Ag NPs (closed symbols, solid line). The symbols correspond to experimental
measurements while the dashed line for Ag-Co is an inverse logarithmic fit [132] and the solid curve for
Ag is an exponential decay. The inverse FWHM was normalized to its value in the freshly prepared array
samples.
anodic (E o = +0.28 V for the reaction Co → Co2+ + 2e− ) than Ag (E o = -0.80 V for the reaction Ag →
Ag+ + e− ). From this, one can reason that the spontaneous suppression of Ag oxidation, at the expense
of Co, can occur if the overall potential of the reaction 2Ag+ + Co = Co2+ + 2Ag is positive, which in
this case is +1.88 V. This is consistent with the experimental finding of oxidation suppression in the Ag
region, which is shown quantitatively in the O-map of Ag-Co NP in 5.6, and thus Co region behaves like
a sacrificial anode in the NP . One potential pathway of chemical events that could suppress Ag oxidation
can be outlined based on the known oxidation behavior of Co. Tompkins and Augis reported that a pure Co
surface forms a hydroxide within few seconds upon exposure to air at room temperature [132]. The various
reactions leading to the formation of the hydroxide in the presence of an adsorbed layer of H2 O [Fig. 5.7]
can be expressed as follows.
Co → Co2+ + 2e−

(5.3)

2H2 O + 2e− → H2 + 2OH −

(5.4)

Co2+ + 2OH − → Co(OH)2

(5.5)

This sequence of steps allows for the injection of electrons from Co into Ag so as to suppress the
oxidation of Ag at the expense of the formation of the cobalt hydroxide [Co(OH)2 ]. Furthermore, the
formation of the requisite OH− ions can also take place due to oxygen dissolved in the water layer through
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the reaction O2 + 2H2 O + 2e− → 4OH − . From this model, it is clear that the overall degradation rate of the
plasmonic behavior should be dominated by the rate of consumption of the Co.
To ascertain this, we have quantified the plasmonic degradation behavior of the Ag and Ag-Co NP arrays
as a function of time, as shown in Fig. 5.8. As has been shown by other researchers, the oxidation of Ag leads
to broadening of the plasmon peak [9, 10], and therefore, the bandwidth, i.e. full width at half maximum
(FWHM) of the LSPR peak can be used as a measure of the oxidation. Here we have compared the FWHM,
normalized to its starting value (i.e. for the as-prepared sample) of the Ag and Ag-Co arrays as a function
of time in Fig. 5.8. It is clearly evident that the Ag particles (closed symbols, solid curve) degrade much
more rapidly then the Ag-Co particles (open symbols, solid line). In fact, the FWHM of the pure Ag falls
by 25% within ~500 hours of exposure to ambient air while the Ag-Co requires approximately 4500 hours
for a similar amount of degradation, suggesting a nearly nine fold increase in the lifetime of the Ag-Co. The
quantitative decay behavior of Ag-Co is consistent with the galvanic model hypothesized above. As shown
in Ref. [132], the growth of Co hydroxide follows an inverse logarithmic behavior. A fit to our experimental
data for Ag-Co [Fig. 5.8, solid line] is consistent with this form of decay corroborating our idea that Co
hydroxide formation occurs at the expense of Ag oxidation. Based on these results we also suggest a simple
design rule for future consideration in tailoring the plasmonic lifetime of the Ag-Co particles. In the absence
of charge accumulation, the rate of Co hydroxide formation on the exposed Co surface of area ACo will be
balanced by the rate of current flow across the Ag/Co interface of area Aint . Therefore, manipulating the
ratio

ACo
Aint

by changing the type of nanostructure can lead to optimizing the overall plasmonic degradation

rate of the Ag-Co system.
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5.5

Correlation between near-field and far-field optical behavior

Figure 5.9: A comparison of near-field spectra from EELS and far-field from broadband spectroscopy. (atop panel) TEM of the horizontally-stacked bimetallic NP, (a-bottom panel) the plasmon bandwidth (blue
curve) and intensity (red curve) at different positions along the red line shown the top panel. (b-top panel)
Comparison of the near-field spectra obtained by EELS-TEM (top half, blue solid line) from the single
particle shown in (a) to far-field spectra (bottom half, black solid line) obtained by broadband spectroscopy
from the array of particles (b-lower panel).
In the previous discussion on LSPR, we have relied exclusively on far-field optical measurements with
a broadband spectrometer that averages the behavior over thousands of NPs. On the other hand, in the
ensuing discussion on ferroplasmons (Sec. 5.6), we exclusively use EELS results, based on the near-field
localized probing (~3 A0 ) within an individual NP by the electron beam. Here we compared the far-field
data from the AgCo NP array to the near-field optical behavior of an individual AgCo particle, as shown
in Fig. 5.9. The near-field spectra was averaged over a ~100 nm x 100 nm area that included the single
NP. In the top panel of Fig. 5.9(b), the averaged spectrum is shown by the solid line, while the dashed
lines show the Lorentzian fits locating the position of various surface plasmons. The lower panel shows
the optical spectrum obtained by broadband spectroscopy from an array of NPs over the area around ~500
µm x 500 µm. Excellent agreement is seen in the location of the important spectral features, including the
visible wavelength LSPRs due to dipolar as well as multipolar contributions. Thus, for the first time, a local
probe of an individual NP’s plasmonic behavior has shown excellent correlation with the far-field behavior
averaged over millions of NPs.
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Table 5.1: Table showing excited plasmon energies in (a) Ag-Co NP and (b) in pure Ag and Co NPs.
(a)

Bimetallic Ag-Co NP
Ag region
Emax (eV) ∆EP (eV)
2.50
1.2
3.4
0.6
5.0
2.0
7.2
4.3

Co Region
Emax (eV) ∆EP (eV)
2.60
1.53

EP (eV)
2.6
3.4
5.2
7.8

5.6
8.1

3.1
5.4

EP (eV)
2.83
6.0
9.0

(b)

Pure Ag NP
Emax (eV) ∆EP (eV) EP (eV)
3.0
1.1
3.1
3.48
0.4
3.5
5.9
4.7
6.8

5.6

Pure Co NP
Emax (eV) ∆EP (eV) EP (eV)
3.9
5.8
5.6

Ferroplasmons in bimetallic nanoparticles

In Chapter 4 section 4.5, we discussed results which showed the discovery of localized surface plasmon
excitation in ferromagnetic Co NPs. We termed these surface plasmons as ferroplasmons. It was also shown
in Chapter 4 that the ferroplasmon phenomenon is only evident when Co is in contact with Ag in a NP.
Here, we analyze and discuss the results based on the experimentally obtained plasmon energy diagram and
to hypothesize the possible origin of this behavior.
Fig. 4.18 showed behavior of various ferroplasmons on the surface of Ag-Co NP. The energy positions
shown in the plot were the maximum value of plasmon energy defined as Emax which were obtained by using
Lorentzian fits in energy-loss spectra. The spectra from EELS follows a energy-loss function Im(−1/ε)
which has a full width at half-maximum (FWHM) ∆EP given by [95];
∆EP = }Γ = }τ,

(5.6)

where τ(= 1/Γ) is the relaxation time of the plasmon. Therefore, the plasmon energy EP is given as,
2
EP = [Emax
+ (∆EP2 /2)]1/2

(5.7)

based on this, we plotted the plasmon energy level diagram in Fig. 5.10 which compares the plasmon
energy modes excited in Ag-Co NP with pure Ag and Co ones. The energy levels are also listed in Table
5.1. In the figure, the dashed lines joining various energy levels have limited scientific meaning. It is just a
representation under the assumption of coupled harmonic oscillator model to show that the plasmon energy
levels excited in Ag-Co NP are different from the ones in pure metal NPs.
In this energy diagram, the surface plasmon at 3.5 eV in pure Ag NP is excited due to multipolar interac-
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tions (possibly quadrupolar) which changes to 3.4 eV in Ag-Co bimetallic system. This plasmon excitation
is not supported in Co as was shown earlier in Sec. 4.5. It is known that the surface plasmons have higher
delocalization of electron charge density and thus are excited not just on the surface but also at a distance
(~10’s of nms) away from the NP surface. On the other hand, interband transitions and bulk plasmons die
off very fast upon moving away from the NP. This characteristic of surface plasmons actually contributes
to various plasmon dependent applications such as surface enhanced Raman spectroscopy (SERS) and SPR
sensing. Based on this, the plasmons excited at 3.0 eV in pure Ag NP, 2.5 and 5.0 eV in the Ag region of the
Ag-Co NP 2.6 and 5.6 eV in Co region of Ag-Co bimetallic NP and 3.8 eV in pure Co NP were identified
as surface plasmons. The remainder of the excited energy levels, at 5.9 eV in pure Ag NP, 7.2 eV and 8.1
eV in the Ag and Co regions of the Ag-Co NP respectively, were identified as interband transitions.

Figure 5.10: Plasmon energy diagram showing excited energy levels in Ag and Co region of bimetallic NP,
pure Ag and pure Co NP. The dashed lines are only meant to convey one possible origin of the plasmon
energy levels in the bimetal based on the assumption of coupled harmonic oscillator model.
The most important results is that surface plasmons in pure Ag and pure Co NPs appear at 3.0 and 3.8
eV respectively, but when Ag and Co are placed in contact with each other in Ag-Co NP geometry, two new
plasmon energies are evident within each metal, i.e. 2.50 eV and 5.0 eV in Ag and 2.60 and 5.6 eV in Co
region. The evolution of higher plasmon energy levels (5.0 and 5.6 eV) and the lower energy levels (2.5 adn
2.6 eV) can possibly be explained by an analogous model of a coupled harmonic oscillator as shown in Fig.
5.11.
In a coupled harmonic oscillator, two springs of different spring constant are joined together through
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Figure 5.11: Model of a coupled harmonic oscillator showing the symmetric mode in which the two masses
are moving in the same direction.
objects of different masses (Fig. 5.11). Due to the different resonant frequencies of the individual oscillators, the normal modes of the coupled system can have frequencies different from the original resonances.
The two simplest modes of oscillation are the symmetric mode, which corresponds to the oscillator mass
moving in the same direction, and the or antisymmetric mode, corresponding to oscillator masses moving
in opposite directions. Generally the symmetric mode has lower energy then the antisymmetric one, and
their frequencies are different from the natural oscillator frequencies. In analogy, we hypothesize that in the
Ag-Co NP, the plasmon oscillations appear at higher (antisymmetric) and lower (symmetric) energy levels
compared to the expected energy modes for pure Ag and Co NPs. Though the model broadly explains the
plasmon excitation at higher and lower plasmon energy modes in Ag-Co NP as compared to pure Ag and
Co NP, but it still does not accurately explain why plasmon energy modes excited on the surface of Ag and
Co regions (measured by EELS) are different? This is still unanswered and work is being done on this by a
collaborator which will be discussed in Chapter 6.

5.7

Bulk plasmon behavior in Ag-Co bimetallic nanoparticles

Fig. 4.19 showed that the bulk plasmon in Co NP sharpens when Co is in contact with Ag in the bimetallic
NP. Here, we discuss this result and the possible reason behind it.
As shown in the Subsec. 4.5.5, Emax value of Ag bulk plasmon is 25.6 eV in pure Ag NP and it remains
unchanged in Ag-Co NP, however the bandwidth becomes slightly sharper in the Ag-Co system (10 eV in
pure Ag to 8 eV in Ag-Co). On the other hand, Emax of Co bulk plasmon in pure Co NP is 25 eV and changes
to 22.5 eV (with smaller bandwidth). From these values, the calculated EP for Ag in pure Ag is 26.6 eV
while it is 26.3 eV in Ag-Co, which can be considered to be identical within the experimental measurement
uncertainty of 0.2 eV. The value of bulk plasmon of Ag is consistent with the literature values, such as that
reported in Appendix C of Ref. [95]. On the other hand, the calculated EP for Co is 26.3 eV and 24 eV in
pure and Ag-Co NP respectively, and this significant shift of 2.3 eV is clearly outside of the measurement
uncertainty of 0.2 eV. The literature value of bulk plasmon for Co (FCC) is not available whereas the one for
Co (HCP) is at 20.9 eV. Since Co in pure Co NP and bimetallic Ag-Co NP exists in FCC crystal structure
[75, 106], the real comparison is not possible. However, the value of bulk plamon in any case during this
study will be off from the one for pure Co due to the use of Co material with 8% Fe alloying.
The bulk plasmon frequency (ωP ) is characteristic of a material and depends on material related param78

Figure 5.12: Band structure of fcc Ag taken from Ref. [134].
eter: electron density (n) and effective mass of the electron (m∗ ) and its energy is given in free electron
model by [95, 133]:
s
ωp =

ne2
ε0 m∗

(5.8)

where h̄ is the Planck’s constant and εo is the permittivity of free space. Therefore, to understand the
reason for the change in the bulk plasmon of Co to lower energies when it is in contact with Ag in the Ag-Co
NP, one must evaluate potential changes to n and m∗ .
We suggest here that the most likely scenario is a change in the effective mass due to a change in the
band structure of Co when in contact with Ag as a result of the ns pulsed laser processing. If one assumes
only a change in electron density, this would require an approximately 20% decrease in the Co density when
in contact with Ag, as compared to the pure Co case. Clearly this is too large a value since it implies a loss
of 2 electron for every 10 Co atoms. On the other hand, slight changes to band structure can lead to dramatic
changes in the electron effective mass. The band structure diagram of pure Ag (FCC) and pure Co (FCC)
are shown in Fig. 5.12 [134] and Fig. 5.13 [135] respectively.
As the width of bulk plasmon peaks are getting smaller, it implies that there are less interband transitions
occurring within Ag and Co in the bimetallic NP. If the interband gap for transitions increase, there is less
possibility for electrons to jump to other band and thus their oscillation life time increases, which leads
to sharper bandwidth of plasmon. The Ag band structure in Fig. 5.12 and the Co one in Fig. 5.13 show
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Figure 5.13: Band structure of fcc Co taken from Ref. [135].
that the interband transitions energy widens at the brillouin zone Γ in each case and which could possible
reduce interband transitions. At present, the explanation of the bulk plasmon energy lowering of Co in the
bimetallic NP is as yet unresolved and is a scientific question that will be addressed in the summary and
future directions chapter of this thesis (Ch 6).
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Chapter 6

Summary and future work
6.1

Summary

In this chapter, we summarize the key findings of this thesis and speculate on some future directions for research based on the results obtained during this study. We reported the detailed study on the novel bimetallic
plasmonic NPs in this thesis. The scientific motivation and technological significance of this work were addressed in detail in the introductory chapter (Chapter 1) of the thesis. Keeping the excellent plasmonic
characteristics of silver (Ag) in mind, the work was motivated by the idea of synthesizing new Ag-based
bimetallic NPs for various potential applications such as chemical and biological sensing, catalysis, energy
harvesting and optical devices. Ag-Co bimetallic NPs were synthesized by pulsed laser induced dewetting of
bilayer thin films. The optical properties and LSPR characteristics of Ag-Co bimetallic NPs were analyzed
by far-field, i.e. broadband spectroscopy and near-field i.e. EELS. During this work, various new methods
and techniques were developed and many scientifically interesting results were found. The highlights of this
research work are as following:
• We presented a route based on nanosecond pulsed laser dewetting and self-organization of ultrathin bilayer metallic films to synthesize Ag-Co bimetallic NPs. The produced NP arrays show a narrow size
distribution and short-range spatial ordering. It was shown that the particle size of the NPs was controlled by the individual film thickness and their order of arrangement on the substrate. With the help
of experimental observations and theoretical calculations, a parameter space was generated within
which the composition and particle diameter of bimetallic NPs could be independently controlled.
• The microstructure characterization of Ag-Co bimetallic NP was performed by HAADF imaging
and EELS in STEM. This analysis showed that Ag and Co existed in their elemental form in phase
separated regions within the NP. It also showed that the Ag and Co regions are polycrystalline. EDX
spectroscopy in a SEM showed that ratio of counts of Ag and Co in a NP is similar to that of the
initially deposited bilayer film thicknesses. This showed that the composition of each NP is controlled
by the bilayer film thickness ratio.
• The composition and size dependence of LSPR behavior of Ag-Co NP arrays was studied. The
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results showed that as concentration of Ag was decreased in bimetallic NPs, the LSPR wavelength
position (λLSPR ) red-shifted. Similarly, the λLSPR red-shifted with increasing particle size for a fixed
composition of the NPs. This red-shift in λLSPR is different for different size and composition Ag-Co
NPs. This was a key result, as Ag-Co bimetallic NPs show a larger tunability in the position of λLSPR
(~200 nm) compared to only ~20 nm for pure Ag NPs of identical shape and size.
• As the optical signal and LSPR peak intensity degrade over time due to oxidation of Ag, the optical
stability is a critical issue in Ag NPs for plasmonics based applications. We studied the change in
optical behavior of pure Ag and Ag-Co NP which were kept in ambient laboratory environment for
long time (days). The optical results showed ultrastable LSPR behavior of Ag-Co NPs, with a nearly
10 fold increase in time required to exhibit similar degradation as pure Ag. We explained the reason
of the oxidation resistance in Ag-Co NPs by galvanic coupling of Ag and Co within a NP.
• To understand the optical response of composite nanostructures such as bimetallic NP and composite
thin films, an effective medium approximation model was developed. The optical behavior predicted
by the model showed good agreement with the experimentally measured ones in a variety of nanostructured systems.
• A novel and simple technique to make NP arrays on flexible substrates as well as on TEM grids was
developed. The technique is based on making NP arrays by pulsed laser dewetting on C films on
mica substrate. The NP/C structure can subsequently be removed from the mica by immersing in
water, where the hydrophobic character of C enables the removal. This method is used extensively in
making TEM specimens for Ag and Ag-Co NPs in order to study optical properties simultaneously
with analytical electron microscopic characterization. This method can be used to make NP arrays of
various materials and also has potential to make cost-effective and futuristic opto-electronic, chemical
and bio-sensing devices.
• Three dimensional (3D) shape profiling of embedded nanostructures such as core-shell structures was
achieved by using core-loss EELS. With the help of the microscope related quantities, i.e. VOA
current, convergence and collection angles and EELS acquisition time, and the crystallographic information about the material, the EELS counts are converted in order to measure thickness of embedded
structures along the electron beam direction.
• A method was developed to quantitatively study low-loss EELS data to study surface plasmons excited
by electron beam. The low-loss EELS data was fitted with the necessary number of Lorentzians using
an non-linear square fitting method. By performing this fitting routine, important information such as
(i) SP peak position, (ii) bandwidth and (iii) area under the SP could be accurately determined.
• We reported the first known discovery of ferroplasmons (FP), i.e. strong visible and ultraviolet wavelength plasmons in ferromagnetic Co nanoparticles in contact with Ag nanoparticles. This discovery
was completely unexpected since Co metal is generally known to have a highly damped ultraviolet
plasmon. We utilized the high resolution capabilities of EELS in TEM to investigate the plasmons in
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the Ag-Co system and compared it to pure Ag and Co. As a result, we found that plasmons with high
intensity are activated throughout the surface of Ag-Co bimetallic NP. As another important result,
bulk plasmon of Co in Ag-Co bimetallic NP became sharper and significantly red-shifted (by 2.3 eV)
as compared to the one in pure Co NP.
• We verified for the first time the excellent correlation between near field plasmonic behavior of a
single Ag-Co nanoparticle with the far field optical behavior measured from millions of particles in
an array.

6.2

Future directions

The key results shown in this thesis open the door for various future scientific investigations.
• As discussed, current models based on hybridization or coupled oscillators is not sufficient to explain
the appearance of the ferroplasmon in the Co regions of the AgCo system. Therefore, new theoretical
ideas need to be developed to understand such bimetallic systems.
• In another result, it was shown that the bulk plasmon energy of fcc Co in Ag-Co NP decreased by 2.3
eV as compared to the one in pure Co NP. The reason was given based on the changes occurring in
the density of states due to transfer of electrons away from Co which widens the interband transition
energy. This arguments were based on the existing band structure of fcc Co, however more work is
required to understand the likely modification of the Co band structure in presence of Fe which was
used in the ferroplasmon study.
• We showed the oxidation-resistant characteristic of Ag-Co NPs. In future, other potential systems,
such as Cu-Co, Cu-Fe and Au-Co could also be investigated for improved plasmonic properties.
• Throughout this thesis, we discussed Ag-Co NPs with various stacking arrangements such as coreshell, vertically stacked and horizontally stacked. The synthesis of NPs with these structures is highly
dependent on the thickness ratio and arrangement of bilayers of Ag and Co. Since the theoretical understanding of the evolution of such structures is still unresolved, the detailed study by 3-dimensional
modeling bilayer film dewetting and evolution of various structures could be a potential study in future.
• Finally, the topic of ferroplasmons, especially the role of the magnetism of Co on the optical and magnetic behavior needs to be pursued in great detail. This study will likely lead to new understandings of
the coupling between light and magnetism, which is at the heart of a the field of metamaterials, while
also having implications to many potential applications in computing and data storage.
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